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PREFACE 


This  symposium,  held  in  Neubiberg,  Germany  on  3-6  September  1979,  was  organised  as 
a  follow-on  action  of  a  previous  Flight  Mechanics  Panel  sponsored  symposium  on  Aircraft 
Design  Integration  and  Optimisation  (Florence,  October  1973,  AGARD  CP  147).  The  main 
objective  was  to  present  the  latest  developments  in  computerised  aircraft  design. 

Thirty-two  papers  were  presented  in  the  following  sessions: 

1  -  Specifications  and  Assessment  of  Requirements. 

2  -  Computer-Aided  Design  and  Computer  Graphics. 

3  -  Computational  Aerodynamics  and  Design. 

4  -  Structural  Analysis  and  Design. 

5  -  Propulsion  and  System  Design. 

Due  to  time  limitations,  the  discussions  following  the  presentations  were  relatively  short, 
though  compensated,  at  least  partially,  by  the  final  round  table  discussion  included  “in  extenso” 
in  the  Technical  Evaluation  Report  (AGARD  Advisory  Report  No.  1 58).  It  appears  that  the 
presented  papers  and  the  discussions  covered  equally  the  positive  and  negative  aspects  of 
computerised  aircraft  design,  the  cost  and  technical  effectiveness,  the  benefits,  the  difficulties 
and  limitations  of  the  whole  process. 

The  following  important  general  conclusions  are  proposed: 

The  designer,  as  a  human  being,  plays  and  will  continue  to  play  an  outstanding  role 
within  the  computerised  aircraft  design  process. 

-  Large  advances  have  been  made  in  the  last  few  years  in  each  speciality  in  computer- 
aided  design.  However,  an  integrated  multi-disciplinary  detailed  design  process 
appears  remote,  and  continues  to  require  a  substantial  development  effort. 

-  To  meet  the  demands  of  various  disciplines,  principally  computational  aerodynamics, 
computers  of  increased  speed  and  with  new  architectures  are  required. 

-  Due  to  the  rapid  evolution  and  advances  in  computer  hardware  and  software  it  is 
highly  desirable  to  bring  together  periodically  design  specialists,  generalists  and 
computer  experts  in  order  to  develop  and  improve  the  communication  among  these 
groups. 


iii 


CONTENTS 


1 


I 


$ 

i 


>i 


V  •  .. 


PREFACE 


SESSION  1  -  SPECIFICATIONS  AND  ASSESSMENT  OF  REQUIREMENTS 

THE  USE  OF  COMPUTER  AIDED  DESIGN  METHODS  IN  AIRBORNE  SYSTEMS 

EVALUATION 

by  P.EbeUng  and  E.Pfisterer 

CRITERIA  FOR  TECHNOLOGY 
by  R.L.Haas 

AN  ACCEPTABLE  ROLE  FOR  COMPUTERS  IN  THE  AIRCRAFT  DESIGN  PROCESS 
by  TJ.  Gregory  and  L.Roberts 

THE  USE  OF  COMPUTER  BASED  OPTIMISATION  METHODS  IN  AIRCRAFT 

STUDIES 

by  B. Edwards 

SOME  FUNDAMENTAL  ASPECTS  OF  TRANSPORT  AIRCRAFT  CONCEPTUAL 

DESIGN  OPTIMIZATION 
by  E.Torenbeek 


SESSION  11  -  COMPUTER  AIDED  DESIGN  AND  COMPUTER  GRAPHICS 

Survey  Paper  on  COMPUTER  AIDED  DESIGN 
by  D.Weinhauer 

COMPUTER  GRAPHICS  AND  RELATED  DESIGN  PROCESS  AT  MBB 
by  V.Antl  and  W.Weingartner 

COMPUTER  GRAPHICS,  RELATED  DESIGN  AND  MANUFACTURE  PROCESS 

AT  DORNIER 

by  J. Nagel,  L.Thieme  and  A. Harter 

COMPUTER  GRAPHICS  AND  RELATED  DESIGN  PROCESSES  IN  THE  U.K. 
by  R.LHacking  and  BJReuben 

• 

DISTRIBUTED  GRAPHICS  SYSTEM  FOR  COMPUTER  AUGMENTED  DESIGN 

AND  MANUFACTURE 
by  A.N.Baker 

LE  ROLE  DE  L1NTERACTIVITE  DANS  LA  CONCEPTION  ET  LA  FABRICATION 

ASSISTEES  PAR  ORDINATEUR 
par  M.Slina 

A  FRAMEWORK  FOR  DISTRIBUTED  DESIGN  COMPUTING 
by  A.W.Biahop 

LIASSE  ELECTRIQUE  ASSISTEE  PAR  ORDINATEUR 
par  J-P.Pauzat 


SESSION  111  -  COMPUTATIONAL  AERODYNAMICS  AND  DESIGN 

USE  OF  ADVANCED  COMPUTERS  FOR  AERODYNAMIC  FLOW  SIMULATION 
by  F.R. Bailey  and  W.F.Baflhaiis 

UTILISATION  DE  L’ORDINATEUR  POUR  LE  DESSIN  DE  CONFIGURATIONS 
AERODYNAMIQUES 
par  P.Perrier 


Page 

Mi 

Reference 

1 

2 

3 

4 

5 

6 

7a 

7b 

7c 

8 

9 

10 

11 

12 

13 


iv 


Reference 


WING  DESIGN  PROCESS  BY  INVERSE  POTENTIAL  FLOW  COMPUTER 
PROGRAMS 

-by  L.Fomaser  14 

THE  ROLE  OF  COMPUTATIONAL  AERODYNAMICS  IN  AIRPLANE  CONFIGURATION 
DEVELOPMENT 

by  B.Dfllner  and  C.A.Koper,  Jr  IS 

COMPUTATIONAL  AERODYNAMIC  DESIGN  TOOLS  AND  TECHNIQUES  USED 
AT  FIGHTER  DEVELOPMENT 

by  P.Secher,  W .Kraus  and  R.Kunz  16 

USE  OF  COMPUTERS  IN  THE  AERODYNAMIC  DESIGN  OF  THE  HIMAT 
FIGHTER 

by  R.D.Child,  G.Panageas  and  P.Gingrich  1 7 

NUMERICAL  METHODS  FOR  DESIGN  AND  ANALYSIS  AS  AN  AERODYNAMIC 
DESIGN  TOOL  FOR  MODERN  AIRCRAFT 

by  W.Schmidt  18 


SESSION  IV  -  STRUCTURAL  ANALYSIS  AND  DESIGN 

MAINTENANCE  OF  NASTRAN  AS  A  STATE-OF-THE-ART  COMPUTER  PROGRAM 
by  J.L.Rogets,  Jr 

A  COMPUTER  BASED  SYSTEM  FOR  STRUCTURAL  DESIGN,  ANALYSIS  AND 
OPTIMISATION 

by  A.J.Monis,  P. Bartholomew  and  J.Dennis 

STRUCTURAL  OPTIMIZATION  WITH  STATIC  AND  AEROELASTIC  CONSTRAINTS 
by  D.Mathias,  H.Rfihrie  and  J.Artmann 

APPLICATIONS  OF  MIXED  AND  DUAL  METHODS  IN  STRUCTURAL  OPTIMIZATION 
by  G.Sander,  C.Fleury  and  M.Geradin 

ELEMENTS  FINIS  ET  OPTIMISATION  DES  STRUCTURES  AERONAUTIQUES 
par  C.Petiau  et  G.Lecina 

NEW  COMPUTER  APPLICATIONS  FOR  SPECIAL  STRUCTURAL  PROBLEMS 
by  J.Massmann 


SESSION  V  -  PROPULSION  AND  SYSTEMS  DESIGN 

COMPUTER  PROGRAMMES  FOR  THE  DESIGN  AND  PERFORMANCE  EVALUATION 

OF  NACELLES  FOR  HIGH  BYPASS-RATIO  ENGINES 
by  R. Smyth 

COMPUTERIZED  SYSTEMS  ANALYSIS  AND  OPTIMIZATION  OF  AIRCRAFT  ENGINE 

PERFORMANCE,  WEIGHT,  AND  LIFE  CYCLE  COSTS 
by  L.H.Fishbach 

MATHEMATICAL  MODELLING  IN  MILITARY  AIRCRAFT  WEAPON  SYSTEM  DESIGN 
by  N.Mitchell 

BACTAC  -  A  COMBAT-WORTHY  COMPUTERISED  OPPONENT 
by  IJones 

INTERACTIVE  AIDED  DESIGN  SYSTEM  FOR  AIRCRAFT  DYNAMIC  CONTROL  PROBLEMS 
by  W.J.Kubbat,  G.Oesterhelt  and  U.Korte 

THE  USE  OF  ADVANCED  COMPUTER  TECHNIQUES  IN  FLIGHT  TEST  EVALUATIONS 
by  D.P.Maunder  and  R.E.Lee 


19 

20 

21 

22 

23 

24 


25 

26 

27 

28 

29 


* 


30 


1-1 


r:  ► 


THE  USE  OF  COMPUTER  AIDED  DESIGN  METHODS 
IN  AIRBORNE  SYSTEMS  EVALUATION 

P.  Ebeling,  E.  Pfisterer 
INDUSTRIEANLAGEN-BETRIEBSGESELLSCHAFT  MBH 
WEHRTECHN I SCHE  SYSTEMS 
OTTOBRUNN,  FEDERAL  REPUBLIC  OF  GERMANY 


INTRODUCTION 

Computerized  aircraft  design  is  a  well-established  tool  in  aircraft  systems  design,  both 
civilian  and  military  ones,  manned  or  unmanned,  as  well  as  in  all  types  of  missile 
systems.  Starting  form  very  first  feasibility  investigations  in  early  phases  of  weapon 
systems  work  down  to  detailed  development  effort's  digital  computer  programs  are  used  with 
increasing  complexity  and  accuracy.  They  are  applied  for  design  studies  both  in  the  air¬ 
craft  industry  and  in  those  government  agencies  concerned  with  weapon  systems  predesign 
and  evaluation  work.  This  paper  mainly  deals  with  the  application  of  computer  aided  design 
methods  for  predesign  and  evaluation  purposes  of  airborne  systems,  especially  in  early 
phases.  In  order  to  provide  a  rough  survey  on  the  enormous  amount  of  work  already 
completed  in  this  field  a  list  of  references  has  been  added  to  this  paper  containing  an 
extract  from  various  sources  applicable.  This  list  should  not  be  considered  complete,  it 
might  be  helpful  for  readers  especially  interested  in  this  topic  in  order  to  obtain 
additional  details. 

GENERAL  DESIGN  PROBLEM 

First  of  all  one  has  to  analyze  the  general  problem  of  systems  design,  i.e.  the  design 
sequence  ranging  from  the  predesign  to  the  development  phase  and  to  isolate  those  parts 
of  the  procedure  where  the  computer  can  relieve  the  design  engineer  from  multiply  repeated 
routine  operations.  These  time  consuming  activities  are  implied  in  any  systems  design  work 
unfortunately.  The  following  objectives  can  be  achieved  by  applying  computer-aided  design 
methods 

-  Considerable  time  savings 

-  Relief  of  qualified  engineering  personnel  from  routine  work 

-  To  enable  the  engineer  to  focus  on  his  specific,  innovative  design  contributions 

Better,  i.e.  thoroughly  optimized  solutions,  especially  if  multi-dimensional 
optimiziation  problems  have  to  be  analyzed 

Possibilities  to  perform  parametric  design  work,  in  order  to  reduce  the  development 
risk  (especially  in  early  phases) .  For  instance  the  effects  of  different  technology 
assumptions  on  systems  characteristics,  performance  and  cost  can  be  investigated  in 
order  to  determine  risk  and  cost. 
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"91  General  Design  Cycle  of  Systems 


Figure  1  presents  a  general  scheme  how  any 
system  is  conveived.  Normally  it  can  be 
assumed  that  at  the  very  beginning  at  least 
preliminary  objectives  are  already  available 
as  far  as  application,  tasks  to  be  performed 
etc.  are  concerned.  In  systems  realization 
the  first  step  consists  from  the  engineer's 
idea,  defined  in  terms  of  a  drawing,  the 
definition  of  its  main  characteristics  and 
principles  and  the  selection  of  payloads, 
derived  from  the  preliminary  requirements. 
Within  this  step  and  the  subsequent  one  of 
estimating  effectiveness/performance/cost  the 
engineer  has  to  be  aware  of  the  technological 
state  of  the  art  on  which  his  design  can  be 
based.  This  comprises  the  consideration  of 
the  development  risk  and  the  appropriate 
forecast  of  the  relevant  technologies.  After 
the  systems  characteristics  have  been 
determined  the  evaluation  step  follows.  This 
evaluation  is  based  on  the  requirements,  which 
will  become  more  specific  with  increasing 
knowledge  about  the  system.  Subsequently 
-according  to  the  results  of  this  evaluation 
step-  the  system's  characteristics  are  changed 
in  order  to  improve  the  fullfillment  of  the 
requirements. 


This  general  sequence  will  be  run  through  for  many  times.  Various  methods  which  imply 
increasing  accuracy  of  prediction  as  well  as  increasing  manpower  required  are  applied.  At 
the  end  of  the  development  phase  hopefully  an  optimum  solution  can  be  achieved. 


Computer  aided  design  can  be  helpful  in  the  areas  hatched  in  Figure  1 .  Its  application 
could  start  when  the  basic  idea  is  established  which  the. engineer  has  to  describe.  If 
computer  aided  design  methods  are  used  this  basic  solution  has  to  be  translated  into  an 
appropriate  set  of  input  data  for  the  computer  program.  Such  a  program  can  be  helpful  in 
determining  systems  characteristics,  especially  if 

-  detailed  requirements  are  not  sufficiently  fixed 

-  a  large  number  of  alternative  solutions  and  parameter  values  have  to  be  considered 

-  different  technological  assumptions  have  to  be  evaluated  in  their  effects  on  the 
systems  characteristics. 


COMPUTER  AIDED  DESIGN  METHODS  FOR  AIRBORNE  SYSTEMS 

In  order  to  illustrate  how  the  previously  described  scheme  is  followed  in  practice  for 
computer  aided  design,  two  methods  are  presented  in  this  paper.  The  first  one  is  the 
aircraft  design  computer  program  APFEL  (Reference  1)  which  is  described  in  some  detail. 

The  second  application  is  the  missile  design  program  PROFET  (Reference  2) . 

Both  programs  are  extensively  used  within  the  Systems  Engineering  Division  of  IABG  for 
predesign  and  evaluation  work  of  aircraft  and  missile  weapon  systems.  Typical  applications 
including  some  results  are  presented  in  section  4. 


AIRCRAFT  SYSTEMS 


1 


The  block  diagram  given  in  Figure  2  is  .more  or  less  representative  for  the  aircraft  design 
procedure,  it  describes  the  different  steps  contained  in  the  computer  program.  Provided 
that  the  payloads  (weapons  etc.)  have  been  defined  and  the  respective  requirements  on  the 
target  acquisition  and  fire  control  sys'tem  are  established,  size  and  mass  of  the  target 
acquisition  sensors  -properly  matched  to  the  weapons  requirements-  and  of  the  avionics 
system  are  determined. 

Now  a  first  drawing  of  the  aircraft  is-  made 
based  on  some  rough  assumptions  on 
configuration,  type  of  propulsion  to  be  used, 
structural  principles  to  be  applied  etc.  This 
step  can  be  done  on  the  drawing  board,  highly 
sophisticated  programs  also  utilize  digigraphic 
displays.  In  this  case  the  engineer  directly 
communicates  with  the  computer,  providing  the 
geometric  input  data  to  the  program. 

Starting  with  this  first  design,  the 
overall  take-off  mass  is  estimated  and  all 
necessary  input  data  are  compiled.  Advise  is 
given  to  the  computer  whether  an  optimization 
with  respect  to  a  carefully  selected  pay-off 
function  is  intended,  a  parametric  variation 
of  basic  variables  should  be  performed  or 
whether  an  iterative  match  of  design 
characteristics  has  to  be  done  in  order  to 
achieve  prescribed  performance  values. 


Fig.  2 

Block  Diagram  for  the  Computer  Program  APFEL 


The  next  step  consists  of  the  geometric 
description  of  the  aircraft.  Its  essential 
elements  as  available  in  the  APFEL  program  are 
given  in  Figure  3.  These  different  geometric 
options  are  used  in  formulating  the  input 
data.  The  computer  program  uses  these  data  to 
calculate  volumes,  lenghts,  surfaces  required 
by  subsequent  steps,  and  to  perform  scaling 
or  other  geometric  changes  if  necessary.  Wing 
geometry  is  treated  first,  thickness  distribu¬ 
tion,  fuel  volume  and  wing  area  are  calculated. 
Similar  steps  are  made  for  the  centre,  forward 
and  aft  fuselage  sections  respectively, 
including  horizontal  and  vertical  tail  size 
required.  If  variable  wing  geometry  is  used  the 
sweep  axis  is  positioned  properly.  Based  on  the 
geometric  characteristics  and  a  number  of  other 
input  variables  (maximum  structural  load  factor, 
speed  etc.)  a  mass  estimation  of  all  subsystem 
is  performed  by  statistical  methods  and  the 
remaining  fuel  mass  is  calculated.  If  that  fuel 
mass  does  not  fit  into  the  fuel  volume  available, 
both  quantities  are  matched  by  scaling  the 
centre  section  of  the  fuselage  appropriately. 


External  Engine* 


Internal  Engines 


Fig.s  AIRCRAFT  GEOMETRY 

The  aerodynamic  characteristics  (drag  vs.  lift,  Mach  number,  altitude)  are  determined  by 
a  standard  procedure  (DATCOM)  both  for  the  clean  and  the  external  stores  configuration. 
Installed  engine  data  (thrust  and  specific  fuel  consumption)  are  scaled,  if  necessary. 
They  are  used  for  the  subsequent  performance  and  mission  calculations.  By  means  of  a 
statistical  cost  model  applying  standard  cost  estimation  relationships  (CERs) ,  unit  cost 
are  obtained. 

These  steps  can  be  repeated  as  many  times  as  necessary  within  very  short  time  so  that  a 
lot  of  aircraft  with  different  characteristics  can  be  treated  for  design  purposes. 
Typical  applications  are  given  in  section  4. 


MISSILE  SYSTEMS 

In  a  similar  way  computer  programs  can  be  used  for  missile  synthesis.  As  a  second  example 
figure  4  presents  the  main  portion  of  the  IABG  program  PROFET  in  a  simplified  block  dia¬ 
gram.  A  variety  of  different  missile  configurations  (Figure  5)  can  be  handled  by  the 
program  with  up  to  three  pairs  of  surface,  different  types  of  controls,  nose  sections  etc 
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Fig. 5  Selection  of  Missile  Configurations  (PROFET) 


Block  Diagram  for  he  Computer  Program  PROFET 
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Fig.  6 

"Types  of  Pocket  Engines  ( Examples) 


The  propulsion  section  accounts  for  various 
rocket  engines,  e.g.  the  conventional  solid 
propellant  rocket  engine  with  cigarette  or 
radial  burner  (figure  6) .  Thrust  profile  and 
total  impulse  are  determined  together  with  the 
proper  nozzle  design  and  other  characteristics. 
A  mass  and  centre  of  gravity  balance  including 
C.G.  shift  due  to  engine  burn-out  is  establis¬ 
hed  and  the  wing  position  is  determined 
according  to  static  margin  limits.  The  aero¬ 
dynamic  data  (lift,  drag,  pitching  moment)  are 
calculated  using  a  semiempirical  procedure  of 
both  theoretical  and  experimental  back-ground 
information  (Reference  48).  If  the  target 
trajectory  is  prescribed  and  provided  to  the 
program,  the  missile  performance  in  terms  of 
the  intercept  volume  is  calculated  by  means 
of  a  modified  3  DOF  simulation  program. 
Different  boundary  criteria  like  maximum  nor¬ 
mal  acceleration  obtainable,  speed,  seeker 
limits  etc.  are  checked.  As  far  as  guidance 
is  concerned  the  program  at  this  stage  is 
employing  the  kinematic  guidance  law  without 
considering  the  guidance  and  control  loop  in 
detail.  Again  the  assumption  is  made  that  this 
subsystem  of  the  missile,  especially  the 
forward  sensor  (if  required)  has  been  investi¬ 
gated  prior  to  the  application  of  the  computer 
program.  In  future,  however,  this  program 
section  will  be  hopefully  amended,  same  applies 
to  the  cost  estimating  part.  This  main  portion 
of  the  design  program  is  imbedded  in  different 
control  loops,  providing  the  capability  for 
parametric  design  studies  or  multi-variable 
optimization  applications. 


APPLICATIONS  AND  RESULTS 

So  far  the  IABG  computerized  design  methods  have  been  explained,  now  some  typical  results 
will  be  shown.  First  of  all  it  should  be  stated  that  IABG  ist  not  concerned  with  weapon 
systems  development.  As  mentioned  previously,  however,  one  of  the  main  tasks  of  our 
Systems  Engineering  Division  consists  of  predesign  and  evaluation  work  for  future  airborne 
systems. 

One  typical  kind  of  tasks  which  have  to  be  treated  in  our  agency  are  parametric  design 
studies.  Their  main  objectives  are  to  assess  the  effect  of  different  requirements  on  one 
hand  or  of  variations  in  technology  assumptions  on  the  other  hand  on  weapon  systems 
characteristics.  The  results  obtained  provide  the  armament  department  of  our  MOD  with  the 
background  information  necessary  for  establishing  requirements  as  well  as  for  International 
talks.  Futhermore  these  systems  data  serve  as  a  first  guess  in  terms  of  technical  and  cost 
inputs  for  operational  studies.  In  a  later  stage  when  various  systems  proposals  are 
available  feasibility  and  relative  value  of  these  concepts  have  to  be  analyzed. 

Extensive  use  of  the  design  programs  as  described  previously  is  being  made. 

A  few  examples  and  results  of  this  work  is  illustrated  in  the  following  figures. 

Figure  7  shows  the  result  of  a  design  analysis  for  an  existinq  fighter  aircraft.  Geometry 
and  stationary  flight  envelopes  are  compared  with  manufacturer  data,they  provide  an 
impression  of  the  accuracy  to  be  achieved  by  this  method.  Recently  a  new  aerodynamic 
subroutine  with  increased  accuracy  has  been  incorporated. 


Fig. 7  Application  of  Computerized  A/C  Oeeign  on  Existing  AfC  (Example) 
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Normalized  Unit  Cost 
(Calculated  ) 


FSg.  8  Comparison  Between  Real  and  Calculated 
Unit  Cost 


—  18  000  kg  max.  T/0  Mass 

-  20500  kg 

-  23000  kg 


A  comparison  between  real  and  calculated 
unit  cost  values  for  various  fighter  air¬ 
craft  is  given  in  figure  8.  Bearing  in  mind 
that  cost  estimation  is  a  very  complex  task 
because  of  a  number  of  uncertainties 
(productivity,  multi-source  production  etc.) 
this  accuracy  is  sufficient  for  most  design 
investigations  during  early  phases  in  the 
life  cycle,  where  these  methods  are  applied 
to  the  greatest  extent. 


The  result  of  a  parametric  design  study  for 
a  heavy  fighter  aircraft  is  shown  in  the 
thrust/mass  ratio  vs.  wing  loading  diagram 
(figure  9) .  In  this  case  the  whole  area  of 
the  diagram  has  been  covered  by  a  large 
number  of  design  points,  vafying  engine  size 
(thrust)  and  wing  area  at  three  constant  T/0 
mass  values.  For  each  of  these  designs  all 
performance  parameters  are  available,  so  that 
lines  of  constant  radius  of  action,  maneuvra- 
bility,  rate  of  climb  and  landing  speed 
respectively  can  be  drawn.  The  hatched  area 
in  this  picture  represents  those  designs  which 
fullfill  all  the  requirements.  Due  to  the 
major  influence  of  aircraft  mass  on  range  this 
area  is  rapidly  reduced  with  decreasing  mass. 
The  smallestaircraft  just  meeting  the 
requirements  will  have  approximately  15  500  kg 
of  T/0  mass,  represented  by  the  lowest  corner 
in  the  diagram. 


Fig.  9  Parametric  A/C  Design  (Example) 


Figures  10  through  12  show  a  fighter  aircraft  optimization,  starting  from  a  basic  solution 
(calculation  step  0) .  The  objective  was  to  maximize  a  pay-off  function  composed  from  range 
R  and  substained  turn  rate cu ,  with  weights  of  a^ ,  a,  (see  figure  12).  The  computer  program 
was  varying  the  following  independent  design  variables: 

-  Sweep  of  the  wing  quarter line  ^0,25 

-  Wing  area 

-  Take-off  gross  mass  m^g 

-  Wing  thickness  6„  , 

’  Root 

In  addition  the  following  contraints  had  to  be  taken  into  account 

-  Maximum  mass  less  than  12.000  kg 

-  Maximum  Mach  number  at  least  0,85 

-  Positive  sweep  of  the  wing  quarter line. 

By  means  of  the  built-in  gradient  method  the  design  had  been  optimized  after  about  180 
calculation  steps,  leading  to  a  straight  wing  (because. of  the  low  Mach  number  required), 
the  maximum  possible  mass  (due  to  the  heavily  weighed  range  requirement),  a  10%  thick 
wing  and  a  nearly  constant  wing  area  of  16m’ .  The  configuration  is  sketched  in  figure  12. 
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Radar  Acquisition  Limit  j 
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_ _  100  125  145 

u*-  K/Kq 

Fi9 «  Firing  Envelopes  Optimize  Step. 

Variables  and  Bay -off  Function  versus  Optimization  Steps 

Figure  16  shows  a  final  example ,  where  a  pay-off  function  composed  of  intercept  volume 
and  unit  cost  had  to  be  maximized  using  wing  area,  thrust  level  and  total  impulse  as 
indepentent  variables.  The  optimization  resulted  in  a  smaller  and  lighter  missile  design. 
The  initial  and  the  final  missile  configuration  are  presented  in  figure  17. 


Initial  Missile  Configuration 


Final  Missile  Configuration  offer  Optimization 

CONCLUSIONS 

As  shown  in  this  paper  computer  aided  design  methods  are  a  helpful  tool,  if  properly 
applied  for  engineering  purposes  during  all  phases  of  systems  development,  provided  that 
the  computer  program  is  sufficiently  accurate  to  be  able  to  represent  the  effects  to  be 
investigated.  Of  course  this  degree  of  accuracy  increases  rapidly  in  later  phases  of 
systems  development,  leading  to  a  large  amount  of  computer  software  and  calculation  time 
required.  The  application  of  those  methods,  however  can  help  to  solve  problems  the 
engineer  alone  is  not  able  to  handle,  especially  in  multidimensional  optimization  of 
designs.  An  enormous  time  saving  is  possible.  By  parametric  variation  of  the  important 
effects  (especially  technological  assumptions)  an  increased  confidence  in  the  design 
results  can  be  achieved  and  development  risk  for  airborne  weapon  systems  could  be 
reduced. 
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ABSTRACT 

The  application  of  the  computer  to  automation  of  the  overall  air  vehicle  ayntheala  proceaa  continues 
to  grov.  Beginning  with  nachine  tool  proceaa  control,  progreaalng  through  layout  drawings,  atructural 
dealgn  and  conceptual/prellalnary  design,  the  use  of  conputera  la  now  transitioning  to  and  greatly 
expanding  the  scope  of  the  technology  of  systems. 

The  ever  expanding  realm  of  computational  power  and  software  la  supporting  the  transition  of  the 
application  of  computer  aided  design  methodology  to  full  system  synthesis,  with  design  representing  only 
one  element  In  the  overall  process.  The  objective  Is  no  longer  simply  a  point  dealgn  aircraft  but  rather 
a  complete  concept  based  on  complex  payoff  functions  having  the  nature  of  maximizing  return  on  Investment 
based  on  new  approaches  to  defining  criteria  (measures  of  merit)  for  technology  development  and  military 
capability. 

A  merger  of  operations  research,  mission  need/definition,  cost  analysis  and  design  as  an  Iterative 
process  Is  occurring  in  order  to  explore  the  relative  merit  of  concepts,  as  a  means  of  focusing  development 
of  technology  and  to  Initiate  early  definition  and  systens  assessment  of  competitive  alternatives. 

This  paper  offers  a  perspective  on  the  use  of  computers  In  an  approach  to  technology  progrm  planning. 
It  presents  a  rationale  for  cost  benefit  assessment  of  technology  to  form  the  foundations  for  the  tech¬ 
nology  of  systems.  An  approach  Is  defined  which  builds  on  techniques  associated  with  computer  aided  design 
capability  and  is  analogous  In  form  to  process  control.  A  description  of  the  basic  proceaa  applied  to  a 
tactical  fighter  problem  Is  discussed. 

Recent  technology  and  systems  programs  have  Incorporated  iterative  computer  aided  design,  mission 
analysis  and  cost  analysis  to  assess  payoff  (return  on  Investment)  of  concepts  on  a  higher  or  global  level 
of  evaluation.  Classical  figures  of  merit  for  aircraft  design  such  ss  range/payload,  maneuverability  and 
persistence  and  for  technology  such  as  L/D  and  strv  tural  weight  fraction  are  being  augmented  with  higher 
order  criteria  such  as  cost  per  target  kill,  exchange  ratio,  number  of  targets  killed,  and  etc. 

The  problem  of  establishing  the  basic,  nature  of  system  alternatives  and  selecting  proper  concept,  air¬ 
craft  design  and  technology  requirements  is  made  particularly  difficult  because  the  creation  and  validity 
of  many  options  la  strongly  Influenced  by  technology.  The  converse  is  also  true;  the  benefit  of  many 
technology  options  Is  strongly  Influenced  by  problem  definition. 

Elements  essential  to  the  solution  of  this  complex  interdependent  problem  Include: 

1.  A  knowledge  of  the  technological  options  available  and  the  resultant  opportunities  available 
through  development  and  application  of  technology. 

2.  An  ability  to  assess  the  impact  of  requirements  and  technologies  on  basic  characteristics 
(l.e.,  cost,  effectiveness,  survivability)  and  associated  elements;  the  parametrlcs  and  sensitivities  of 
the  problem. 

3.  A  measure  of  the  benefit  and  the  cost  of  any  given  element  (e.g.,  maneuverability ,  cruise  speed, 
size)  referenced  to  survivability  and  effectiveness  (e.g.,  target  coverage,  target  kill  probability)  as  a 
function  of  the  problem  definition. 

4.  A  process  for  combining  and  assessing  information  at  an  appropriate  level  of  military  relevance 
or  global  context  wherein  the  effects  of  various  alternatives  can  be  comparatively  evaluated.  The  top 
level  of  assessment  is  overall  military /economic  victory  or  effective  deterrence  in  probable  confronta¬ 
tions.  The  level  of  assessment  actually  employed  is  a  challenge  to  the  decision  maker  but  should  be 
consistent  with  the  problem  and  the  objective. 

5.  An  ability  to  transform  (in  both  directions)  cost/benefit  Information  between  the  technology  and 
military  utility  domains. 

Sensitivities  to  various  Input  assumptions,  scenarios  and  other  parametrlcs  are  determined  as  a 
function  of  technology  and  concept  and  Identified  in  order  to  provide  an  understanding  of  the  effect  of 
analytical  assumptions  and  possible  changes  in  parametrlcs  on  the  selected  alternatives.  The  results  are 
used  both  to  create  and  to  assess  concepts  and  to  provide  guidance  for  the  next  Iteration  of  crlterlal 
technology /design /mission /scenario  selections. 

Insight  to  the  problem  and  the  role  of  technology  In  resolution  of  the  problem  is  the  goal.  Appli¬ 
cation  of  systems  technology  to  Identify  viable  alternatives  including  sensitivities  to  variations  In 
parametrlcs  is  the  approach. 

INTRODUCTION 

Thu  opportunities  and  risks  associated  with  the  aggressive  application  of  technology  to  (future) 
military  needs  are  great.  The  long  lead  time  required  to  transition  a  flight  vehicle  system  from  concept 
to  operation  results  in  great  potential  payoff  If  required  technology  can  be  Identified  and  developed  In  a 
timely  manner.  Worked  as  part  of  the  problem,  technology  Itself  can  Impact  the  evolution  of  requirement 
and  help  establish  a  balance  between  system  capability,  tactics,  numbers,  and  etc. 
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Historically,  Che  benefit  of  technology  has  been  assessed  through  criteria  (or  measures  of  merit) 
directly  associated  with  technology  itself  and  has  only  been  constrained  in  a  broad  sense  by  cost.  For 
example,  an  advanceaent  in  aerodynamic  technology  may  be  quantified  through  an  Increase  in  L/D  (effi¬ 
ciency)  which  in  turn  may  be  manifested  in  an  improvement  in  maneuverability  and  range.  Such  criteria 
is  Invaluable  for  understanding  accomplishment  within  a  technological  domain  but  does  little  to  resolve 
the  issue  of  real  impact  on  military  capability  or  to  identify  the  relative  payoff  of  Investing  in  aero¬ 
dynamic  technology  in  lieu  of,  or  in  addition  to  structural  technology  (nor  is  the  relative  importance 
of  each  in  providing  a  military  capability  identified). 

The  Air  Force  Flight  Dynamics  Laboratory  is  exploring  the  realm  of  the  technology  of  systems  and 
developing  approaches  to  increasing  the  effectiveness  of  its  technology  development  planning  (investment 
strategy)  through  a  direct  cost/benefit  analysis  of  the  military  utilization  of  technology.  Utility  is 
measured  with  some  form  of  return  on  Investment  criteria  (estimation  of  future  payoff  of  technology  and 
the  required  Investment  or  cost).  This  approach  begins  with  a  generic  definition  of  a  problem  and  works 
toward  alternative  solutions  as  compared  to  the  more  standard  approach  of  beginning  with  a  technology  and 
looking  for  an  application  (the  two  approaches  are  complementary  and  should  be  worked  in  parallel).  The 
analysis  is  accomplished  in  a  "global"  sense  which  encompasses  all  relevant  (subjectively  determined) 
elements  of  a  problem  and  is  much  broader  in  scope  than  classical  aircraft  performance  (design)  optimiza¬ 
tion.  The  argument  for  the  global  approach  results  from  consideration  of  a  system  having  multiple  elements 
and  the  fact  that  optimization  of  the  sum  of  elements  (or  whole  system)  is  not  equal  to  the  sum  of  local 
optimizations  for  each  element.  For  convenience  and  ease  of  understanding ,  cost/benefit  assessment  is 
viewed  as  a  control  process  and  the  individual  elements  as  blocks  in  that  process.  The  process  results  in 
a  measure  of  overall  return  (payoff)  on  overall  Investment  (cost)  and  does  not,  for  example,  automatically 
result  in  emphasis  on  single  airplane  performance  parameters  such  as  speed,  maneuverability  or  one  on  one 
kill  ratio  (which  lead  to  higher  complexity  and  cost  per  aircraft).  However,  the  process  Inherently 
accommodates  single  element  assessment. 

The  main  purpose  of  any  analysis  is  to  provide  sufficient  information  about  the  alternatives  under 
study  to  make  a  rational  decision.  In  this  case  the  goal  for  the  technologist  is  identification  of 
strategies  for  maximization  of  return  on  Investment  where  real  quantification  of  return  (payoff)  Increases 
as  problem  insight  is  Improved  as  a  result  of  working  the  analysis  process.  The  approach  in  its  simplest 
form  is  to  address  and  understand  the  whole  problem  as  an  entity,  each  of  the  individual  elements  and  the 
Interactions  between  elements  while  establishing  sensitivities  to  constraints  and  changes  In  parameters 
which  exceed  linear  small  perturbation  variations.  Insensitivity  to  change  is  frequently  referred  to  as 
robustness . 

The  general  objective  of  technology  cost/benefit  assessment  is  to  provide  insight  into  the  high  payoff 
technology  areas  and  the  associated  system  (aircraft,  avionics  and  weapon)  concepts  and  to  provide  initial 
planning  for  timely  development.  Cost  benefit  assessment  is  the  foundation  of  the  technology  of  systems 
and  offers  the  following  productivity: 

(1)  provides  the  opportunity  for  technology  to  impact  the  initially  perceived  requirement, 

(?)  stimulates  the  emergence  of  innovative  concepts, 

(3)  accommodates  the  identification  of  the  probable  set  of  competitive  alternatives  (and  comparisons), 
l.e.,  systems  options, 

(A)  addresses  the  issue  of  whether  the  right  problem  was  identified, 

(5)  results  in  a  parametric  data  base, 

(6)  identifies  the  impact  of  constraints, 

(7)  identifies  the  sensitivity  to  change  in  any  element  or  any  parameter, 

(8)  ranks  the  dominance  of  parameters,  and 

(9)  identifies  and  prioritizes  technology  development  needs, 

APPROACH 


The  challenge  is  to  properly  define  or  project  a  problem  in  the  military  context  and  then  to  effec¬ 
tively  apply  technology  to  the  resolution  of  the  problem  so  that  competitive  alternatives  emerge  under 
conditions  where  perceived  requirements  and  the  problem  definition  Itself  are  variables.  This,  by  its 
nature,  becomes  a  complex  process  which,  somewhat  analogous  to  optimization  in  the  feedback  control 
process.  Involves  a  search  for  the  global  solution  and  encompasses  many  variables,  constraints  and 
initial  or  starting  conditions. 

Conceptually,  the  process  is  simple,  although  the  real  problem  is  obviously  far  more  complex  because 
of  the  large  numbers  of  Interrelated  parameters  and  Issues  to  be  faced.  The  approach  Involves  looking  at 
a  large  number  of  different  design,  technology,  and  mission  alternatives  and  then  conducting  cost/benefit 
analysis  deriving  Integrated  cost,  survivability  and  effectiveness  measures  for  each,  using  the  reeulte 
of  each  successive  pass  through  the  (necessarily)  iterative  process  to  guide  the  selection  of  alternatives 
considered  on  the  next  pass.  Finally,  it  Inherently  involves  gaining  insight  to  the  nature  of  the  para- 
metrics  and  sensitivity  to  change. 

The  output  of  the  process  forms  a  running  account  of  the  military  relevant  Impact  of  technology  which 
can  be  uoed  to  create  and  support  technology  development /transit ion  programs  and  as  a  point  of  departure 
for  solving  specific  system  needs.  The  approach  is  easily  investigated  if  it  is  viewed  as  a  feedback 
control  process  with  defined  elements  and  a  desired  response  for  a  given  input  (Figure  1).  Then,  because 
of  its  nature,  cost/benefit  analysis  functions  as  an  optimal  control  process  (a  process  of  optimization  or 
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convergence  Maximizing  return  on  Investment)  In  which  unique  solutions  are  not  expected. 

The  concept  Is  an  expansion  of  the  familiar  design  loop  iterations.  Design  itself  becomes  an 
element  (or  inner  loop)  in  the  overall  system  concept  synthesis.  Problem  complexity  is  readily  apparent 
when  simple  design  convergence  is  viewed  as  a  function  of  constrained  parameters  or  performance  goals 
(Figure  2,  which  shows  characteristics  as  a  function  of  specified  acceleration  and  ground  roll).  Imagine 
the  difficulty  in  convergence  for  the  global  problem. 

The  process  lends  itself  to  military  relevant  cost/benefit  assessment  of  technology.  Just  as  the 
basic  computer  aided  design  process  allows  rapid  iteration  between  sub-elements,  the  overall  technology 
assessment  process  is  a  massive  iteration  between  the  various  elements  including  cost,  benefit,  system 
synthesis,  mission  and  threat.  Emphasis  for  the  application  of  the  process  is  on  the  identification  of 
technology  opportunities  and  benefits.  The  process  is  started  with  trial  values  and  conditions  which  are 
based  on  an  initial  subjective  assessment  and  unfortunately,  can  and  often  induce  a  bias  (which  also  is 
true  of  the  design  process) .  It  results  in  an  overall  closed  loop  approach  to  assessment  and  supplants  the 
previous  largely  open  loop  approach  which  measured  inner  loop  results  as  payoff  without  measure  of  overall 
payoff.  The  process  leads  to  better  defined,  better  understood  alternatives  along  with  the  supportive 
rationale.  It  also  defines  sensitivity  to  variation  in  parameters  and  provides  the  ability  to  respond  to 
the  "what  if"  questions  (what  if  the  threat  changes,  what  if  the  technology  is  not  available,  what  if  an 
assumption  is  incorrect,  etc.).  The  projection  of  the  cost  benefits  of  individual  technologies  is  depend¬ 
ent  upon  the  success  of  other  technologies  and  technology  integration.  The  complexity  of  the  process  makes 
it  largely  dependent  on  extensive  computational  power  as  applied  to  analysis  and  synthesis  techniques. 

The  problem  structure  itself  is  crucial  and  must  be  open  to  the  whole  spectrum  of  alternatives.  For 
example,  if  the  full  capability  being  projected  for  long  range  air  to  air  missiles  is  realized  a  thought 
process  might  conclude  that  increased  acquisition  and  kill  range  (range  advantage)  results  in  first  shot 
and  multiple  shot  firing  opportunities.  The  emphasis  on  technology  is  then  shifted  from  that  associated 
with  high  maneuverability  to  that  associated  with  weapons  and  avionics.  However,  considering  the  opponent 
has  the  ability  to  reduce  his  detectability,  the  problem  is  more  appropriately  viewed  as  one  of  time 
advantage  and  the  technology  emphasis  is  not  so  clear.  Full  understanding  of  the  contribution  of  new 
technology  requires  parallel  consideration  of  the  sensitivity  to  changes  in  parameters  such  as  the 
effects  of  a  variety  of  alternate  performance  goals  and  design  concepts  as  they  jointly  influence  opera¬ 
tional  effectiveness.  The  projections  of  benefits/costs  of  technology  advancements  with  complex  modern 
weapons  systems  are  interdependent  with  (1)  the  way  the  technologies  are  applied  in  specific  air  vehicle 
designs,  (2)  the  way  the  concept  itself  is  militarily  employed  and  (3)  the  choice  of  measure  of  merit 
(how  benefit  is  measured).  In  essence,  no  part  of  the  technology  cost/benefit  picture  can  be  adequately 
evaluated  in  any  relative  or  absolute  sense  without  consideration  of  the  relationship  of  each  element  to 
all  other  elements  (for  large  variations  in  parameters). 

To  see  why  this  is  the  case,  it  is  useful  to  address  a  simple  example.  Consider  the  weight  and  hence 
the  cost  of  a  series  of  aircraft  of  different  design  types  sized  to  meet  different  takeoff  distance  require¬ 
ments,  but  with  all  other  performance  parameters  held  fixed. 

Decreasing  the  design  takeoff  roll  for  each  given  type  requires  necessary  increases  in  wing  and  engine 
size  which  cause  the  aircraft  to  become  larger  and  more  expensive  (Figure  3).  However,  the  variation  of 
coat  vs  design  takeoff  distance  is  found  to  be  different  for  each  different  basic  type  (CTOL,  STOL,  VTOL) 
of  aircraft  and,  also,  for  the  same  basic  type  of  aircraft  but  for  alternate  mission  types.  Furthermore, 
it  is  found  that  individual  technologies  can  influence  the  location  (on  the  takeoff  distance  axis)  of  the 
intersections  that  define  which  design  concept  is  best  for  any  given  set  of  mission  requirements.  For 
example,  an  improved  high-lift  system  will  extend  to  shorter  takeoff  distances  the  region  where  a  conven¬ 
tional  aircraft  is  superior  to  Che  p^wered-lift  approaches.  A  full  iteration  of  the  rationale  for  the 
requirement  in  Che  broader  military  sense  may  disclose  different  issues  (lift  and  thrust  not  crucial). 

The  basis  for  the  ground  roll  requirement  may  involve  unexpected  elements  such  as  semi-prepared  site 
operations  as  the  overriding  military  problem.  Low  speed  control  or  some  other  parametric  may  then  become 
the  truly  dominant  technical  characteristic. 

What  then,  is  the  right  way  to  apply  technology  and  then  as  a  result,  how  are  the  "highest  payoff" 
technologies  and  concepts  defined?  Vectored  thrust/powered  lift  may  have  no  payoff  at  all  on  one  set  of 
mission  rules  but  still  yield  significant  gains  on  alternate  missions  chat  are  relatively  similar  in 
nature.  Can  technology  impart  the  requirement?  The  impact  of  technology  is  a  function  of  the  problem  and 
the  structure  of  the  problem  is  a  function  of  the  technology.  Both  are  a  function  of  the  measures  of  merit. 
If,  for  example,  a  breakthrough  were  made  in  Vertical  Takeoff  and  Landing  (VTOL)  technology  that  could 
greatly  reduce  the  associated  cost  and  performance  penalties,  then  mission  concepts  using  VTOL  technology 
would  become  much  more  attractive.  Often,  however,  the  technology  will  have  the  same  relative  Impact  on 
more  than  one  concept.  In  the  global  sense,  the  absolute  benefits  obtained  are  strongly  influenced  by 
other  variables  such  as  the  magnitude  of  the  runway  denial  threat  posed  by  potential  adversaries.  If  the 
crucial  problem  turns  out  to  be  operations  from  seml-prepared  sites,  landing  gear/footprint  considerations 
along  with  simple  solutions  to  deceleration  and  control  will  be  key  technical  challenges  while  support, 
supply  and  maintenance  become  the  operational  detractors. 

Thus,  the  selection  of  high  return  on  Investment  aircraft  technology  or  design  concepts  Is  Impossible 
without  at  least  some  Insight  into  the  overall  problem  including  the  relationship  between  goals,  design, 
technology,  and  military  capability.  The  problem  is  closed  loop:  no  rational  decision  In  one  area  can  be 
made  without  seme  knowledge  of  its  influence  on  the  other  areas.  Development  of  such  insights  into  the 
Interrelationships  between  elements  of  the  process  Is  a  continuing  objective  and  a  continuing  advantage 
of  the  process. 
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THE  PROCESS 


The  staple  control  process  perspective  of  cost/benefit  assessment  can  be  expanded  In  a  number  of  ways. 
For  the  purpose  of  discussion,  the  process  Is  divided  into  the  elements  discussed  below.  The  elements 
and  the  interactions  between  elements  are  diagrammed  in  Figure  4.  Each  element  is  itself  divided  into 
sub-elements  and  so  on.  The  basic  elements  of  the  concept  and  technology  cost/benefit  analysis  process 
include: 


1.  Threat  and  scenario  definition  -  Defines  the  overall  problem  context  in  which  the  candidate 
solutions  are  played.  The  element  defines  measures  of  merit  and  provides  the  structure  for  evaluation 
models  in  order  to  project  the  return  on  investment. 

2.  Mission  Model  -  Covers  the  mission  profile  (range,  maneuvers,  etc.),  payload,  design  require¬ 
ments  and  etc.  The  element  is  treated  as  a  variable  and  the  process  is  initiated  with  best  judgment 
values. 


3.  Candidate  Technology  -  Identifies  probable  technology  sets  available  to  meet  future  mission 

and  other  requirements,  defines  status/availability,  cost  and  time  for  development.  The  element  provides 
the  technical  data  base  for  concept  definition. 

4.  Design  Synthesis  -  Covers  the  methods  employed  to  converge  designs  and  corresponding  character¬ 
istics  including  cost  and  needed  technology.  The  element  is  composed  of  subelements  which  consist  of 
aero,  weights,  stability  and  control  performance,  subsystem,  structure,  and  etc. 

5.  Configuration  tradeoffs  -  Includes  identification  of  and  performance/one-on-one  type  compari¬ 
sons  of  alternative  approaches  to  resolving  the  problem.  The  element  encompasses  the  relative  investment 
in  and  contribution  of  the  air  vehicle,  the  avionics  and  the  weapons. 

6.  Analysis  (effectiveness,  survivability,  cost)  -  Provides  the  global  evaluation  of  achieved 
capability  and  the  cost  to  accomplish. 

7.  Key  Technology  -  Identifies  high  leverage  technology  and  the  relationship  with  concepts.  The 
element  utilizes  the  comparison  of  concepts  to  document  technological  tradeoffs,  parametrlcs  and  sensitivi¬ 
ties.  The  element  leads  the  way  for  the  next  iteration  and  provides  the  technology  of  systems  data  base, 
including  risk  assessment. 

8.  Technology  development  plan/roadmap  -  Covers  the  accomplishment  of  plans  for  specific  technology 
development,  including  schedules,  costs  and  criteria  for  transition. 

The  interactions  between  elements  (the  essence  of  the  technology  of  systems)  determines  the  nature  of 
and  dominates  the  process  (a  feedback  control  process).  Full  understanding  of  these  relationships  is 
therefore  essential.  For  example,  a  mission  requirement  for  an  8g  PB  »  0  maneuver  at  design  condition 
might  insure  supremacy  in  a  one  on  one  dogfight  but  can  result  in  excessive  weight-cost  penalty  if  the 
relationship  between  maneuver  g  and  gross  weight  is  particularly  sensitive  (Figure  5).  If  design  goals 
are  appropriately  reduced,  the  savings  (cost/benefit)  can  be  applied  in  another  manner  such  as  the  purchase 
of  greater  numbers  of  aircraft  or  weapons  which  in  turn  could  have  a  greater  overall  military  impact. 

A  better  understanding  of  the  structure  of  the  process  and  the  nature  of  results  obtained  can  be 
gained  from  a  brief  review  of  the  main  considerations  encountered  in  applying  the  process. 

Development  of  the  elements  themselves  leads  to  a  major  limitation  of  the  process.  Many  of  the 
elements  and  sub-elements  are  difficult  to  quantify.  The  credibility  of  the  process  becomes  an  issue  as 
a  function  of  confidence  in  the  definition  and  understanding  of  the  elements  and  the  interactions  between 
elements.  The  process  has  greatest  payoff  if  fully  understood  but  greatest  efficiency  if  fully  automated. 
The  decision  maker  must  consider  both  aspects  and  judgment  based  on  experience  predominates.  The  optimum 
level  of  manual  interface  should  be  based  on  whatever  stimulates  the  most  thinking.  Insight,  innovation 
and  opportunity  are  the  objectives.  In  other  words,  the  decision  maker  is  faced  with  the  problem  of 
determining  to  what  degree  computer  results  can  (or  should)  be  used  to  guide  the  decisions  that  must  be 
made.  The  decision  maker  must  judge  the  adequacy  of  the  resulting  numerical  data  as  a  representation 
of  the  real  world.  The  role  of  the  computer  in  any  synthesis  or  analysis  process  is  often  challenged  for 
lack  of  correlation  and  validation.  The  real  world  is  far  more  subtle  and  complex  than  even  the  best 
computer  models.  Many  models  are  trivial  and  the  results  are  essentially  known  once  the  input  is  assembled. 
For  a  given  air-to-air  combat  model,  defining  a  missile  with  longer  range  capability  than  that  of  the 
threat,  (technologies  necessary  to  achieve  high  missile  Pfc  are  assumed),  results  in  the  obvious  outcome, 
the  longer  range  capability  wins.  The  combination  of  a  large  number  of  questionable  numbers  still  leads 
to  questionable  answers. 

The  computer  can,  however,  fulfill  several  valuable  functions.  It  can  supply  quantitative  answers 
to  a  whole  range  of  variations  in  parameters.  It  can,  in  particular,  allow  a  wide  range  of  assumptions 
to  be  systematically  investigated  on  a  consistent  basis  to  provide  guidance  as  to  which  factors  are  and 
are  not  important.  It  provides  the  opportunity  for  judgment  and  creative  thinking  to  be  directed  at  the 
right  problems. 

Direct  answers  can  be  supplied  to  many  specific  questions,  particularly  those  relating  to  comparisons 
between  well-defined  physical  characteristics  of  alternate  systems.  In  many  respects  heavy  reliance  on 
computer  use  is  the  only  way  a  quantitative  "feel"  can  be  gained  for  the  relative  sensitivities  between 
potential  investment  areas,  aerodynamic  performance  and  avionics  performance,  for  example.  Further,  in  an 
indirect  sense,  the  discipline  involved  in  trying  to  quantify  benefits  and  penalties  in  terms  the  computer 
can  work  with  is  often  found  to  be  a  valuable  contribution  to  clarifying  important  issues  -  the  process 
itself  is  an  important  aid  to  understanding  the  problem. 
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As  with  any  "optimal"  process  definition  of  the  criteria  for  optimization  (measures  of  merit)  is 
most  difficult.  Fortunately,  for  technology  assessment,  identification  of  the  "right”  criteria  is  not 
essential  (as  it  would  be  for  a  system  development  plan)  and  in  fact  much  problem  insight  is  acquired 
when  the  "technology  criteria"  itself  is  treated  as  a  discrete  variable.  This  is  feasible  as  long 
as  knowledgeable  subjective  selection  of  "trial"  higher  order  criteria  is  accomplished. 

Generation  and  understanding  of  measures  of  merit  (MOM)  to  be  applied  to  the  process  and  constraints 
to  be  Imposed  on  the  process  is  an  integral  part  of  the  analysis  and  results  in  enhanced  insight  to  the 
problem.  Optimization  about  a  criterion  can  provide  the  system  cost/benefit  sensitivity  to  the  criteria. 
Caution  is  essential  when  identifying  trial  criteria  in  order  to  Insure  effort  is  not  wastefully  expended 
on  trivial  or  non-relevant  problems. 

Selection  and  generation  of  criteria  to  evaluate  the  payoff  of  technology  (measures  of  merit)  on  the 
basis  of  return  on  Investment  equates  to  establishing  a  scoring  procedure  for  measuring  the  importance 
ranking  of  technology.  There  are  many  ways  to  quantify  benefit.  Measures  of  aircraft  performance  have 
been  the  classical  approach.  Direct  measures  of  military  utility  are  the  optimal  or  cost/benefit  approach. 
Using  air  combat  capability  as  an  example,  radius  of  action,  sortie  rate,  exchange  ratio,  maneuverability, 
cost  per  target  killed,  targets  killed  per  sortie,  payload  and  targets  killed  per  unit  time  are  all  mea¬ 
sures  of  merit.  Radius  of  action,  maneuverability  and  payload  relate  to  the  classical  approach.  The 
remaining  measures  of  merit  relate  to  the  optimal  approach. 

Since  the  orientation  is  towards  return  on  investment,  the  Investment  required  to  achieve  a  given 
capability  is  always  of  major  Importance  regardless  of  utilized  MOM. 

The  credibility  of  cost  projections  is  often  an  issue.  Agreement  on  what  "cost”  encompasses  and  how 
it  is  defined  is  not  universal.  Accurate  estimation  of  weapon  system  development  and  acquisition  costs 
is  difficult.  Prediction  of  operational  and  maintenance  costs  over  a  reasonable  life  span  is  even  more 
difficult. 

The  use  of  Life  Cycle  Cost  (ICC) ,  the  total  Investment  required  over  the  peacetime  life  span  of  the 
system,  is  both  convenient  and  common.  The  obvious  drawback  to  LCC  is  that  wartime  "costs"  are  not  accommo¬ 
dated.  Also,  there  is  temptation  to  ask  the  cost  if  a  military  capability  or  objective  is  not  achieved. 
Rigid  pursuit  of  an  effectiveness  goal  can  lead  to  unacceptable  cost.  Conversely,  rigid  pursuit  of  a 
cost  goal  can  lead  to  an  Ineffective  capability.  Both  are  extremes  and  generally  represent  poor  return  on 
Investment. 

Any  specified  requirement  by  its  nature  effectively  dictates  the  cost.  For  instance,  a  requirement 
for  a  probability  of  survival  of  .9999  against  today's  conventional  weapon  threat  could  result  in  the 
space  shuttle  as  a  solution.  Unfortunately,  a  fleet  of  such  vehicles  would  represent  a  very  large 
Investment.  Imposing  an  additional  requirement  to  effectively  deliver  a  conventional  weapon  would  greatly 
compound  the  problem  and  increase  the  cost.  Payoff  (return)  must  be  balanced  by  reasonable  investment  in 
order  for  a  solution  to  be  realistic. 

Probably  the  most  difficult  problem  in  deriving  meaningful  overall  cost/benefit  results  lies  in  quanti¬ 
fying  the  threat  system  and  defining  its  response  to  the  large  number  of  aircraft  design  and  performance 
features  that  can  be  taken  to  evade  or  defeat  it.  Even  against  presently  existing  threats  the  problem 
is  difficult,  and  it  is  greatly  compounded  when  trying  to  evaluate  systems  designed  to  operate  well  in  the 
future.  All  technology  assessments  depend  on  forecasts  and  judgments  of  technology  in  many  areas,  but 
technology  development  does  not  always  progress  as  planned.  This  has  been  particularly  a  problem  in  the 
weapons  area  but  it  is  also  true  of  airframe  and  avionics  related  technologies.  If  the  problem  is  viewed 
as  one  of  forecasting  technology,  the  problem  of  forecasting  the  threat  is  the  same  as  forecasting  our  own 
capability,  for  example,  adequate  definition  of  offensive  missile  weapon  probability  of  kill  (Pg)  and  the 
determination  of  overall  sensitivity  to  that  Pfc  is  difficult  in  both  cases. 

One  of  the  greatest  difficulties  in  this  regard  is  that  advanced  guided  weapons  tend  either  to  work 
(in  which  case  the  target's  probability  of  survival  is  near  zero)  or  not  to  work  (in  which  case  the  sur¬ 
vival  probability  is  near  one).  Whether  or  not  the  weapons  do,  in  fact,  work  is  typically  a  function  of 
many  factors  -  having  or  not  having  the  right  ECM,  how  much  maneuver  capability  and  threat  warning  time 
is  available,  the  penetration  Mach  number  and  altitude,  and  etc.  The  role  of  tactics  and  the  policy 
Imposed  for  beyond  visual  range  engagement  are  vital.  The  problem  is  particularly  difficult  in  designing 
a  system  to  be  operated  a  decade  or  more  in  the  future,  because  the  threats  can,  at  least  in  part,  be 
responsive  to  aircraft  design  parameter  improvements.  For  example,  if  aircraft  are  designed  to  overfly 
existing  surface-to-air  missiles,  new  missiles  can  be  developed  with  higher  altitude  capability,  or  old 
ones  can  be  upgraded  by  adding  additional  booster  stage.  For  any  system  designed  to  operate  15  or  20 
years  in  the  future,  it  is,  therefore,  fundamentally  impossible  to  put  a  high  confidence  level  on  any 
particular  single  answer  concerning  absolute  survivability,  no  matter  how  "sophisticated"  the  analytical 
techniques. 

But,  analysis  Of  the  problem  is  not  futile.  It  simply  means  that  the  analyses  that  are  done  must  be 
placed  in  the  proper  context  and  directed  at  reasonable  objectives.  Even  though  future  systems  will  face 
new  threats,  the  nature  of  much  of  the  threat  will  be  relatively  evolutionary  with  some  possible  revolution¬ 
ary  weapons,  so  current  and  recent  historical  experience  can  be  used  as  a  gross  check  on  the  validity  of 
at  least  "singular  case"  results.  The  basic  objectives  of  the  analyses  must  be  directed  at  gaining 
insight  into  regions  of  highest  leverage  in  resolving  the  problem,  rather  than  at  obtaining  highly  detailed 
results  for  limited,  specific,  well-understood  cases.  The  analyses  also  must  establish  whether  or  not  the 
right  problem  was  identified. 


The  process  must  operate  within  the  framework  of  military  fundamentals.  Constraints  are  normally  con¬ 
sidered  as  fixed  boundaries  in  an  optimization  process.  As  a  result,  the  solution  often  lies  on  a  constraint. 
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In  the  case  of  the  cost/benefit  analysis  constraints  are  generally  dictated  by  the  mission  to  be 
accomplished  and  the  scenario  selected  along  with  the  threat  environment  In  which  the  technology 
Is  applied  and  the  concept  must  perform.  Although  parameters  making  up  the  mission,  threat  and 
scenario  elements  are  often  accepted  by  planners  as  fixed  because  of  a  perceived  need  and  thus 
largely  fixed  for  systems  development  synthesis/analysis  (l.e.,  constrained),  technology  assess¬ 
ment  by  its  nature  stimulates  variation  of  these  elements  (and  parameters)  for  deeper  understand¬ 
ing  of  the  problem  and  Identification  of  the  opportunities  for  technology  to  impact  the  problem. 

Technology  itself  changes  the  constraints  because  It  Is  always  necessary  to  find  a  concept,  tactic 
or  technology  to  defeat  a  capability  which  the  other  combatant  possesses.  Hence,  the  technology 
assessment  process  can  run  unconstrained  within  practical  limits.  Constraints,  however,  can  be 
far  more  subtle  than  a  specified  mission  profile.  A  requirement  to  utilize  a  weapon  (missile  for 
example)  on  existing  aircraft  as  well  as  the  new  aircraft  for  which  It  is  to  be  designed,  can  result 
in  severe  restriction  on  design  and  carriage  because  of  existing  aircraft  envelope  constraints.  The 
aircraft/store  combination  may  Induce  unwanted  reductions  In  range,  speed  and  maneuverability  over  that 
exhibited  by  the  basic  aircraft.  Store  separation  severely  limits  the  launch  envelope  of  most  aircraft. 
Missile  launch  envelope  is  a  complicated  problem  involving  target  speed,  heading  and  maneuverability; 
aircraft  launch  speed,  heading  and  angle  of  attack;  missile  seeker  glmbal  limits;  radar  detection 
range;  target  radar  cross  section;  ground  clutter;  fuze  time;  and  many  other  parameters.  Blind  adherence 
to  a  constraint  such  as  a  specific  mission  requirement  may  result  in  low  return  on  Investment  and  Is 
indicative  of  not  understanding  the  problem  sensitivities.  Also,  a  priori  specification  of  constraints  is 
an  invitation  to  bias  since  part  of  the  solution  Is  already  defined. 

Problems  of  bias  often  result  either  from  Inevitable  built-in  preconceptions  frequently  manifested 
in  starting  conditions,  baselines  and  overly  restricted  constraints  Including  threat  or  scenario  assump¬ 
tions. 


Even  after  a  qualitative  accounting  of  all  the  applicable  constraints  Is  accomplished,  there  is  the 
difficulty  of  quantifying  them.  What  level  of  survivability  is  acceptable?  What  is  a  probable  level  of 
investment  to  be  allocated  a  new  capability?  Are  numbers  constrained?  Real  answers  to  such  questions  are 
not  crucial  for  technology  assessment  but  an  understanding  of  the  sensitivity  to  variations  in  the  para- 
metrics  is  essential. 

Results  are  very  scenario  dependent.  The  definition  of  the  opposing  capability  and  the  environment 
in  which  the  engagement  is  to  occur  drives  the  solution  and  may  dominate  it.  The  solution  often  lies 
on  the  constraint.  Prioritization  of  missions  and  scenarios  is  not  the  domain  of  the  technologist  nor  is 
threat  definition.  However,  determination  of  the  sensitivity  of  a  technology  assessment  to  variations  in 
these  elements  is  crucial  to  technological  Investment. 

The  general  discussion  should  have  made  it  apparent  that  the  process  is  a  familiar  one  to  product 
oriented  organizations  and  is  based  on  familiar  precepts.  However,  it  should  also  be  apparent  that  a  great 
deal  of  input  information  and  information  processing  is  required.  The  application  of  the  process  by  a 
technology  oriented  organization  to  focus  investment  is  less  familiar  and  the  complexity  of  the  process  can 
be  awesome.  The  risk  i3  the  potential  for  losing  control  of  the  process  (relying  on  the  process  without 
understanding  it).  Much  subjective  judgment  is  required  in  problem  setup  and  manual  transfer  of  results 
from  one  element  to  the  next.  Often  results  from  Such  analyses  are  used  selectively  to  support  a  precon¬ 
ceived  position  and  the  objectivity  of  the  process  disappears. 

The  process  is  dependent  upon  availability  of  major  tools  including  computer  aided  design,  costing 
models  and  a  variety  of  models  measuring  one-on-one  and  aggregate  effectiveness  and  survivability.  An 
enormous  amount  of  data  must  be  handled.  The  Importance  of  proper  Information  transfer  between  models 
cannot  be  overemphasized.  A  real  danger  for  technology  assessment  is  loss  of  single  part  benefit  in  the 
noise  level.  Each  significant  variation  of  mission,  concept,  or  technology  basically  Involves  designing 
or  sizing  a  new  aircraft  configuration,  new  weapons  and  new  avionics  resulting  in  further  loop  intera- 
tlons,  thereby  avoiding  or  minimizing  the  problem  of  small  disturbance  or  linear  extrapolations  being 
carried  too  far.  Some  results  from  a  case  study  are  presented  as  an  example  of  the  insight  achieved  for 
the  potential  application  of  technology  to  a  generic  problem  area, 

CASE  STUDY 


The  basic  military  capability  desired  is  autonomous  night/all  weather  second  echelon  attack.  The 
target  set  is  comprised  of  both  fixed  and  mobile  elements.  The  problem  is  to  identify  technological  payoff 
and  associated  concepts  for  an  overall  (military)  maximization  of  return  on  Investment.  Initial  figures 
of  merit  and  the  problem  structure  are  postulated  (Figure  6). 

The  numbers  of  aircraft  delivering  weapons  over  a  specified  period  of  time  against  a  given  target  set 
will  directly  relate  to  the  number  of  kills  or  effectiveness.  It  is  postulated  that  total  kills,  sorties 
and  kills  per  sortie  are  useful  figures  of  merit.  Hence,  sortie  generation  is  considered  a  key  element  in 
effectiveness  and  is  a  function  at  least  of  maintainability /repairability/serviceability,  numbers  available 
(Impacted  by  Initial  buy,  losses,  etc,),  weapons  available  and  airbase  condition. 

Trends  of  the  relationships  between  speed,  maintenance  hours  per  flight  hour,  initial  numbers,  cost 
and  total  missions  flown  per  day  are  presented  in  Figure  7.  The  peaking  in  the  missions  per  fleet  day  versus 
speed  results  from  the  reduction  in  mission  time  as  speed  Increases,  initially  driving  the  missions  up  with 
increasing  speed,  and  the  significant  Increase  in  materials  costs  and  required  maintenance  as  speeds  are 
increased  beyond  those  currently  employed  finally  driving  the  missions  down  again.  The  insight  obtained  is 
that  the  application  of  very  high  performance  to  solution  of  the  survivability  problem  (in  a  fixed  invest¬ 
ment  environment)  is  likely  to  result  in  a  large  reduction  in  sorties  (fewer  numbers,  longer  turn  around 
times)  which  will  correspondingly  reduce  effectiveness  per  unit  time.  Also,  there  is  probably  an  optimum 
associated  with  a  materials  cost  boundary. 
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Rather  subtly,  the  Issue  of  the  relationship  between  effectiveness,  survivability  and  numbers  has 
been  raised.  Speed  has  been  related  to  sorties  (effectiveness)  and  cost.  Next,  the  relationship  between 
speed  and  survivability  against  an  airborne  Intercept  threat  is  considered.  The  Issues  of  likelihood  of 
encounter  and  of  loss  are  addressed.  Figure  8  presents  a  plot  of  encounter  with  airborne  Interceptor  per 
sortie  as  a  function  of  both  penetrator  and  airborne  Interceptor  speed.  The  curves  are  nearly  asymptotic 
for  conditions  of  the  AI  having  the  speed  advantage  and  indicate  that  if  the  Interceptor  has  a  small  speed 
advantage  the  probability  of  encounter  is  high  but  that  if  the  penetrator  has  a  significant  speed  advantage 
the  probability  of  encounter  is  very  low. 

The  loss  rate  summary  chart  shows  trends  In  losses  to  an  air  Intercept  threat  for  Mach,  altitude 
variations  in  the  nominal  speed  and  altitude  range  (Figure  9).  The  trend  toward  lower  losses  with  Increas¬ 
ing  altitude  and  speed  Is  expected.  The  combination  of  speed  and  altitude  leads  to  consideration  of  areas 
of  flight  envelope  sanctuary.  It  Is  expected  that  at  very  low  altitudes  the  trend  would  reverse  (with 
altitude)  due  to  clutter  (detectability)  and  maneuverability  constraints  but  the  emergence  of  lookdown, 
shootdown  capability  Is  to  be  reckoned  with.  The  danger  in  adhering  to  a  fixed  threat  Is  also  apparent. 

The  Information  does  not  Indicate  sensitivity  to  threat  variation.  Applying  the  trend  information  in  an 
absolute  sense  Implies  zero  loss  rates  are  readily  achievable  at  high  altitude. 

Consideration  of  the  surface  to  air  threat  in  the  same  manner  (probability  of  encounter,  probability 
of  kill)  leads  to  the  conclusion  that  mid-altitudes  and  speeds  are  not  the  place  to  be.  High  and  fast  or 
low  and  fast  may  offer  sanctuary.  The  issue  of  the  relative  cost  to  achieve  a  sanctuary  vs  that  to 
deny  it  must  be  considered  from  an  overall  Investment  perspective. 

Regardless  of  the  absolute  level  of  survivability,  taken  in  Isolation,  it  Is  not  a  full  measure  of 
military  accomplishment.  There  is  some  form  of  offensive  objective  to  be  met.  Usually,  effectiveness  is 
presented  as  a  fixed  value  or  a  fixed  rate  one  time  assessment,  (sorties  per  day,  exchange  ratio)  but 
conditions  can  and  do  change  with  time  in  a  non-linear  fashion.  The  dynamic  assessment  of  military  capabil¬ 
ity  provides  additional  problem  insight.  Figure  10  shows  a  comparison  of  targets  killed  as  a  function  of 
time  (in  this  case,  days)  for  a  high  altitude/high  speed  penetrator,  a  very  low  altitude  penetrator  (with 
and  without  terrain  masking)  and  a  low  observables  penetrator.  The  initial  high  rate  of  kill  for  the  high 
altitude  penetrator  is  largely  a  result  of  a  high  sortie  rate  giving  more  initial  missions.  However,  after 
a  few  weeks  of  warfare  the  losses  which  are  higher  than  those  for  either  the  low  altitude  or  low  observ¬ 
ables  penetrator  results  in  lower  long  term  effectiveness.  Note  the  very  rapid  decay  in  effectiveness  for 
the  low  altitude  penetrator  without  benefit  of  terrain  masking.  The  sensitivity  to  terrain  masking  is  pro¬ 
nounced.  The  zero  day  kill  rates  are  high  but  very  rapidly  decrease  to  zero  because  of  the  high  loss  rate. 

It  may  be  reasonable  to  conclude  that  for  a  very  short  war,  kill  rate  is  more  important  than  loss  rate  and 
that  as  the  war  is  lengthened,  loss  rate  increases  in  significance.  Get  a  lot  of  kills  as  early  as  possible. 

The  initial  problem  definition  called  for  no  particular  prioritization  of  targets  but  target  selec¬ 
tion  may  be  another  parameter  to  which  results  are  sensitive.  Exploring  this  presents  a  perspective  of 
cooperative  effectiveness  and  survivability.  It  is  expected  that  the  survivability  and  the  effectiveness 
for  the  penetrator  will  increase  if  a  supporting  force  is  used  to  suppress  the  opponents  defenses.  This 
leads  to  questioning  the  impact  of  applying  early  sorties  of  our  penetrator  force  specifically  to  defense 
suppression  (target  prioritization)  and  then  to  attacking  remaining  targets.  In  Figure  11,  attrition 
and  accomplishment  are  shown  as  a  function  of  time  and  the  employment  of  defense  suppression  as  the  first 
task  of  the  penetrator  force.  The  trends  are  representative  of  the  effect  of  defense  suppression  from 
either  the  use  of  additional  forces  applied  to  the  defense  suppression  role  or  the  timely  dedication  of  a 
portion  of  the  penetrator  fleet  to  defense  suppression.  This  can  also  be  generalized  to  be  representative 
of  the  trend  of  the  effect  of  increasing  survivability  on  effectiveness.  Defense  suppression  pays  off, 
particularly  when  applied  early  and  when  viewed  for  longer  periods  of  time. 

Having  briefly  addressed  survivability  and  effectiveness,  attention  is  now  given  to  cost.  We  began 
by  fixing  the  total  cost  so  that  cost  is  manifested  in  force  effectiveness  (but  not  single  vehicle  effec¬ 
tiveness)  measured  by  capability  achieved  per  dollar  invested.  The  overall  impact  of  technology  is  then 
directly  measured  by  this  factor  and  is  seen  in  the  numbers  purchased,  single  vehicle  capability  and 
overall  military  effectiveness. 

Cost  per  target  kill  was  an  initial  figure  of  merit.  Assessment  of  the  impact  of  technology  was  a 
stated  objective.  Figure  12  presents  trends  resulting  from  the  application  of  technology  to  the  air 
vehicle  part  of  the  problem  and  shows  improvement  in  cost/kill  ratio  as  compared  to  an  existing  technology 
baseline.  For  the  concept  addressed,  the  cost  of  the  weapon  is  the  dominant  parameter  and  working  the 
aircraft  technology  in  isolation  does  not  have  an  overwhelming  impact  on  cost.  The  "target”  is  actually 
a  target  mix  which  is  dominated  by  mobile  armor.  A  subset  of  the  problem  is  shown  in  Figure  13  which 
presents  trends  in  cost  to  kill  a  rail  bridge  with  an  lnertlally  guided  weapon  as  a  function  of  target 
location  error.  In  this  case  the  target  is  fixed  (non-mobile)  and  the  weapon  cost  is  not  as  high  as 
the  aircraft  cost.  Contrasting  this  to  the  previous  aggregate  cost  per  kill  data  provides  insight  to 
the  difficulty  in  killing  mobile  armor  and  demonstrates  the  sensitivity  of  cost/kill  to  the  selection  of 
target  set. 

Additional  consideration  of  the  vehicle  synthesis  element  and  its  role  in  the  cost/benefit  assess¬ 
ment  is  offered  in  Figure  14.  For  a  fixed  mission  (range,  payload)  the  sensitivity  of  takeoff  gross  weight 
to  variations  in  penetration  altitude  and  speed  for  a  baseline  supercruise  configuration.  The  noteworthy 
points  are  that  36,000  pounds  appears  to  be  a  minimum  weight  and  that  expanding  the  right  hand  side  of 
the  flight  envelope  (high  dynamic  pressure)  will  cause  the  expected  weight  penalty.  The  complexity  of  the 
analysis  is  better  appreciated  and  additional  insight  acquired  if  one  considered  that  the  surface 
presented  is  a  function  of  only  two  variables  (speed  and  altitude)  but  that  in  reality  takeoff  gross 
weight  is  a  function  of  many  variables  and  an  M  dimension  surface  results.  Adherence  to  a  level  of 
capability  that  is  parametrically  asymptotic  is  ill  advised. 
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Trends  in  the  impact  of  technology  on  air  vehicle  gross  weight  are  presented  (Figure  IS)  to  show 
the  potential  for  improvement  in  air  vehicle  efficiency.  The  comparison  is  sensitive  to  the  selection 
of  a  baseline  which  is  a  result  of  subjective  judgment. 

The  baseline  chosen  is  based  on  perceived  1970  level  technology  which  makes  payoff  (gross  weight 
reduction)  more  sensitive  to  the  application  of  advanced  technology.  The  perspective  to  be  gained  in 
the  air  vehicle  design  iterations  is  that  improvement  resulting  from  combined  advanced  air  vehicle 
technology  is  highly  dependent  on  successful  integration  and  design  convergence/compromise  and  is  at 
least  as  Important  as  single  technology  Improvement. 

Nearly  all  new  advanced  air  vehicle  concepts  being  considered  along  with  resultant  projections  of 
return  on  investment  are  highly  dependent  on  the  application  of  advanced  composites  to  reduce  size 
and  cost  to  achieve  a  given  capability.  Figure  15  estimates  a  25Z  reduction  in  TOGW  for  the  applica¬ 
tion  of  advanced  materials.  A  different  perspective  on  the  potential  payoff  for  advanced  composites 
is  presented  in  Figure  16.  Trends  in  weight  and  cost  reduction  through  use  of  composites  are  shown  with 
a  useful  limit  identified  (subjectively)  at  about  the  50Z  level  of  incorporation.  This  perspective  does 
not  appear  to  offer  as  much  promise  of  the  previous  one,  but  taken  together  the  two  offer  a  range  of 
probable  improvement.  It  is  necessary  to  make  the  point  that  if  a  commitment  to  a  new  system  were 
actually  made  today,  the  level  utilized  would  be  in  the  10Z  range  because  the  technology  has  not  yet 
been  transitioned.  Thus,  the  results  are  also  significantly  impacted  by  technology  availability  (what 
technology  will  be  used  at  what  point  in  time). 

The  example  case  study  was  initiated  with  consideration  of  sortie  generation  to  which  we  return  from 
a  different  perspective  as  the  closing  step  in  the  case  study.  A  primary  consideration  in  sortie  genera¬ 
tion  is  enemy  action  in  opposition  to  that  generation.  The  effectiveness  of  enemy  action  in  deterring 
sorties  will  be  a  function  of  our  air  vehicles  basing  dependence  and  the  operational  condition  of  the 
base.  One  approach  to  reduction  of  sensitivity  to  enemy  action  is  use  of  short  field  concepts  for 
operations  from  both  home  base  and  from  semi-prepared  sites.  Trends  of  air  vehicle  TOGW  sensitivity 
are  presented  in  Figure  17  as  a  function  of  ground  roll  for  several  approaches  to  short  field  capability. 
Proper  identification  of  the  real  airbase/runway  denial  Issues  and  all  key  technological  elements  is 
crucial.  Synthesis  may  have  to  consider  lift,  acceleration,  deceleration,  rotation  angle,  low  speed 
control,  etc.,  and  the  dominant  parameter  is  not  self  evident. 

Full  circle  achieved.  A  summary  of  the  problem  insight  is  presented  in  Figure  18. 

CONCLUSIONS 


A  change  in  technology  planning  strategy  has  occurred.  The  old  perspective  is  now  augmented  and 
balanced  by  an  additional  one.  New  criteria  for  measuring  the  value  of  technology  are  being  employed. 
The  technology  of  systems  will  receive  greater  emphasis. 

In  the  past,  local  area  technology  plans  evolved  from  local  area  technology  developments.  Military 
payoff  evolved  in  a  random  fashion.  Prioritization  was  based  on  perceived  opportunities  to  advance  the 
technological  state-of-the-art. 

In  the  emerging  scheme  there  exists  a  combination  of  planning  Inputs  from  both  the  opportunity  for 
technological  advancement  and  the  opportunity  for  a  military  relevant  prioritization  for  technology 
development.  Prioritization  is  jointly  based  on  advancing  the  state-of-the-art  and  opportunities  avail¬ 
able  for  technology  to  impact  future  requirements  and  capabilities. 

The  future  will  bring  greater  application  and  reliance  on  the  cost/benefit  process,  but  better 
understanding  of  rigor  required  as  a  function  of  objective  is  needed.  A  dilemma  of  more  automation 
versus  more  understanding  of  basic  principles  will  emerge. 

The  computer  and  associated  analysis  and  synthesis  methods  are  to  blame  and  to  credit. 
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SUMMARY 

The  role  of  the  computer  In  aircraft  design  appears  to  be  Increasing.  And  the  role  of  the  technical 
specialists  and  the  aircraft  designers  who  use  computers  significantly  also  appears  to  be  Increasing.  This 
trend  toward  more  computerization  has  not  been  wholly  accepted,  especially  by  those  In  decision-making  or 
managerial  roles  who  must  rely  on  the  computer-generated  results.  Many  of  these  people  have  relied  on  mea¬ 
sured  data  and  other  engineering  approaches  to  design  successful  aircraft  In  the  past. 

Some  of  the  reasons  why  this  computerization  trend  Is  not  wholly  accepted  have  been  explored  for  two 
typical  cases:  (1)  computer  use  In  the  technical  specialties  and  (2)  computer  use  In  aircraft  synthesis. 

The  factors  that  limit  acceptance  are  traced.  In  part,  to  the  large  resources  needed  to  understand  the 
details  of  computer  programs,  the  Inability  to  Include  measured  d?.ta  as  Input  to  many  of  the  theoretical 
programs,  and  the  presentation  of  final  results  without  supporting  Intermediate  answers.  Other  factors  are 
due  solely  to  technical  issues  such  as  limited  detail  In  aircraft  synthesis  and  major  simplifying  assumptions 
in  the  technical  specialties.  These  factors  and  others  can  be  Influenced  by  the  technical  specialist  and 
aircraft  designer.  Some  of  these  factors  may  become  less  significant  as  the  computerization  process  evolves, 
but  some  Issues,  such  as  understanding  large  Integrated  systems,  may  remain  Issues  In  the  future.  Suggestions 
for  Improved  acceptance  Include  publishing  computer  programs  so  that  they  may  be  reviewed,  edited,  and  read. 
Other  mechanisms  Include  extensive  modularization  of  Drograms  and  ways  to  Include  measured  Information  as  part 
of  the  Input  to  theoretical  approaches. 

INTRODUCTION 

Computers  are  used  extensively  In  the  aircraft  design  process.  However,  the  scope  and  effectiveness  of 
their  use  are  sometimes  considered  suspect,  especially  by  managers  and  decision  makers  who  must  depend,  to 
some  extent,  on  computer-generated  results.  What  causes  this  suspicion?  Can  It  be  allayed?  Is  there  hope 
for  better  acceptance?  Perhaps  some  Insight  can  be  gained  Into  these  questions  by  examining  typical  cases  in 
aircraft  design  and  noting  faults  In  these  non-ideal,  but  realistic,  situations.  Then  It  may  be  possible  to 
postualte  adjustments  that  overcome  these  faults  and  help  Improve  the  acceptance  of  computers  In  aircraft 
design. 

There  are  two  cases  where  large-scale  computers  are  used  extensively  In  aircraft  design.  The  first  Is  In 
the  technical  specialty  areas  where  sophisticated  theoretical  methods  have  been  combined  with  repetitive  cal¬ 
culation  powers  of  the  computer.  Computational  aerodynamics  (refs.  1-3),  finite-element  structural  analysis 
(ref.  4),  and  trajectory  optimization  (ref.  5)  are  examples  of  fields  where  these  tactics  have  given  definitive 
technical  detail.  The  second  major  area  Is  In  aircraft  synthesis  (refs.  6-8).  Here  the  emohasls  Is  on  com¬ 
bining  all  the  technical  specialty  areas  so  that  an  Integrated  design  solution  Is  achieved  quickly  and  with 
low  resource  expenditure.  These  design  synthesis  programs  are  In  use  In  practically  every  company  and  govern¬ 
ment  agency. 

An  example  of  each  of  these  areas  will  be  discussed  and  the  focus  will  be  on  the  concerns  In  each  case 
that  lead  to  low  acceptance  by  the  users  of  the  computer  results.  (The  developers  of  computer  programs  are 
much  more  content  with  the  results  although  they  also  have  some  similar  concerns.) 

Concluding  remarks  will  attenpt  to  forecast  the  evolution  of  computer  use  In  aircraft  design  and  suggest 
some  Ideas  to  Improve  acceptability  In  the  future. 

CASE  1  -  COMPUTER  USE  IN  THE  TECHNICAL  SPECIALTIES 

The  technical  specialist  contributes  to  the  design  process  when  the  Initial  vehicle  concept  Is  defined  - 
that  Is,  when  the  aircraft  overall  size,  shape,  and  relative  placement  of  components  are  loosely  known.  How¬ 
ever,  there  Is  still  uncertainty  about  the  details  of  the  aircraft  geometry,  aerodynamic  flow,  and  structural 
loads  and  deformations.  In  a  typical  case  the  specialist  starts  with  an  aircraft  configuration  that  has  some 
specific  geometric  boundaries  but  has  considerable  latitude  with  the  geometric  details  between  these  bound¬ 
aries.  For  example,  the  location  of  engine  and  landing  gear  cavities  may  dictate  outer  and  Inner  contours  as 
well  as  the  main  structural  menbers  at  specific  locations  on  the  aircraft.  However,  the  design  specialist 
has  considerable  freedom  In  specifying  the  details  at  and  between  these  locations. 

At  the  present  time,  each  specialist  usually  decides  to  use  a  major  computer  program  to  analyze  the 
details  In  his  discipline.  The  computer  program  usually  requires  extensive  Input  Information,  especially  the 
type  that  comes  from  other  technical  specialties.  To  a  large  extent,  this  Input  Information  Is  not  specified 
by  the  designer  or  his  drawing.  The  specialist  spends  substantial  resources  preparing  this  Input  either 
by  computation  or  assumption.  The  computer  program  may  be  run  several  times  with  adjusted  Inputs  so  that 
an  efficient  design  results.  In  many  cases.  It  Is  also  necessary  to  modify  the  programs  to  account  for  special 
features  on  the  aircraft.  For  example.  In  the  case  of  using  potential  flow  programs  It  has  been  necessary  to 
make  major  modifications  to  allow  for  wing-canard  Interactions  on  some  of  the  new  fighter  designs. 


The  results  from  the  first,  computer  calculations  are  used  to  build  test  models,  both  aerodynamic  and 
structural.  The  measured  data  Yrom  these  tests  are  compared  with  computed  results.  The  comparison  informa¬ 
tion  is  used  to  modify  and/or  enhance  the  next  configuration  iteration. 

The  above  description  is  typical,  but  fails  to  mention  the  shortcomings  that  reduce  the  acceptability  of 
the  results  and  the  efficiency  of  the  process.  Some  of  these  shortcomings  are  discussed  next.  First,  the 
input  to  Targe  computer  programs  is  in  many  cases  very  rigid  and  demanding  of  resources.  For  example,  in 
aerodynamic  paneling  programs,  the  needed  geometry  definition  is  quite  detailed  and  must  be  specified  in  terms 
of  three-dimensional  coordinates  at  the  corners  of  each  panel  element.  Figure  1  shows  a  wind-tunnel  model  and 
its  geometric  representation  which  is  made  up  of  approximately  200  parametric  cubic  spline  Datches  (ref.  9). 
Each  curved  patch  contains  many  quadrilateral  panels  (not  shown)  that  are  used  in  aerodynamic  paneling  pro¬ 
grams.  Minor  flaws  in  the  geometric  input  usually  cause  the  aerodynamic  programs  to  fail  without  achieving 
the  Intended  results.  The  substantial  resources  needed  to  supply  the  error-free  input  have  caused  many 
potential  users  to  avoid  extensive  use  of  this  particular  computational  approach. 


Fig.  1  VSTOL  fighter  model  and  geometric  representation. 

A  second  shortcoming  is  that  numerous  assumptions,  often  quite  coarse,  are  needed  to  generate  the  input 
to  make  the  geometry  and  aerodynamic  programs  operate  on  realistic  cases.  Often  these  assumptions  overwhelm 
the  fine  detail  that  is  inherent  in  the  sophisticated  methods.  This  is  particularly  true  in  the  case  of  the 
flow-field  geometry  definition  'or  aerodynamic  calculations.  Figure  2  shows  the  calculated  leading-edge  vortex 
location  above  a  highly  swept  canard  airfoil  (refs.  10,  11).  In  the  practical  application  of  paneling  methods, 
the  effect  of  this  major  flow  phenomenon  is  not  included.  (Current  research  (ref.  12)  is  addressing  this 
topic.)  Omitting  this  and  other  major  flow  phenomena  reduces  the  utility  and  therefore  the  acceptance  of 
these  powerful  approaches. 

Computer  results  usually  come  in  the  form  of  voluminous  listings  that  must  be  Interpreted  and  digested. 
This  effort,  which  can  take  considerable  time,  is  most  instructive  to  the  analyst  but  adds  little  to  the 
understanding  needed  by  the  end  user  or  decision  maker.  The  end  user  may  have  a  general  idea  about  the  tech¬ 
nique  used  In  the  computer  program  but  it  Is  the  intermediate  data  from  the  calculations  that  give  assurance 
that  the  final  results  are  reasonable.  It  is  particularly  disturbing  to  have  final  answers  that  "look  reason¬ 
able"  but  have  intermediate  ones  that  do  not.  An  example  (fig.  3)  from  potential  flow  calculations  is  the 
oscillation  of  calculated  pressures  from  one  paneling  point  to  the  next.  These  situations,  which  are  caused 
by  special  geometric  situations,  may  give  good  overall  forces  and  moments,  but  are  not  acceptable  in  terms  of 
satisfying  the  users  that  the  computational  process  Is  sound.  In  this  case,  the  analyst  and/or  specialist  may 
have  sufficient  experience  to  overcome  the  difficulties  by  small  adjustments  of  the  geometric  input.  Or  he 
may  simply  Ignore  the  oscillations  because  he  considers  them  to  be  insignificant  or  easily  fixed.  Again,  the 
end  user  becomes  uncertain  about  the  acceptability  of  the  results.  (In  the  example  shown,  the  theory  has  been 
reformulated  in  the  development  program  (ref.  13)  and  the  oscillations  are  not  generated;  in  earlier  programs, 
the  possibility  of  an  oscillation  still  exists. 

A  key  issue  in  the  above  discussion  is  that  in  many  Instances  the  input  and  intermediate  data  are  not 
presented  or  discussed  adequately.  This  omission  is  due  to  the  typical  way  computed  results  are  output  -  by 
large  tabulated  listings  of  Intermediate  quantities.  This  format  is  not  amenable  to  suirmarlzatlon.  In  many 
cases,  preparation  time  Is  not  budgeted  for  summarizing  Intermediate  results  since  the  final  results  are  of 
primary  Interest.  The  result  is  low  acceptance  of  the  answers. 

As  the  design  proceeds,  usually  there  Is  new  information  in  the  form  of  test  data.  As  this  and  addi¬ 
tional  information  accumulates  it  is  often  difficult  to  Integrate  it  with  the  purely  theoretical  technique 
that  the  computer  programs  are  usually  based  on.  Figure  A,  for  example,  shows  the  VSTOL  wind-tunnel  model 
(ref.  14)  with  pressure  orifices  in  key  locations.  The  measured  data  from  these  orifices  currently  cannot 
be  used  as  input  to  the  previously  described  paneling  program.  Adjustment  factors  may  be  developed  (or 
rationalized)  to  account  for  the  discrepancies  between  the  measured  and  calculated  final  results,  but  there 
is  uncertainty  whether  these  factors  apply  to  the  next  configuration  change.  This  uncertainty  and  the  fact 
that  the  measured  and  calculated  data  cannot  be  easily  combined  often  leave  the  project  manager  or  designer 
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Fig.  2  Theoretical  leading-edge  vortex  roll  up. 
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Fig.  3  Pressure  oscillations  In  paneling  programs. 


Fig.  4  Measured  data  on  a  VSTOl  model. 

with  an  uncomfortable  choice.  He  usually  elects  to 
use  the  measured  data  as  the  basis  for  the  design 
credibility.  This  means.  In  effect,  that  the  computed 
results  have  lower  acceptability. 

Another  factor  that  leads  to  low  acceptance  Is 
the  difficulty  In  checking  the  logic  flow  In  large 
computer  programs.  In  many  cases,  the  general  Idea 
can  be  expressed  easily,  but  when  the  details  are 
studied  the  logic  flow  can  be  extremely  difficult  to 
follow.  This  Is  different  than  following  a  noncom¬ 
puterized  procedure  for  several  reasons. 

First,  the  computerized  logic  Is  usually  Imple¬ 
mented  In  a  computer  language,  such  as  Fortran,  that 
Is  cryptic  to  people  not  skilled  In  prograimilng. 
Second,  the  name  of  variables  may  not  be  mnemonic, 
l.e. ,  the  variable  name  and  computer  language  symbol 
do  not  easily  correlate  for  the  reader.  Third,  the 
logic  flow  In  the  programs  can  become  extremely  com¬ 
plicated  and  still  work.  In  many  Instances,  the  logic 
has  been  developed  by  adopting  a  series  of  "fixes"  or 
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"patches"  after  discovering  a  series  of  flaws  during  testing  and  use.  These  usually  occur  when  special 
situations  are  encountered.  The  result  Is  that  the  program  will  work  for  previously  tested  cases,  but  may 
not  work  or  may  not  give  correct  answers  for  slightly  dissimilar  cases. 


•  MASSIVE  INPUT,  CODE  ANO  OUTPUT 

•  SIGNIRCANT  SIMPLIFYING  ASSUMPTIONS 

•  COOED  ANO  COMPLEX  LOGIC 

•  INTERMEDIATE  RESULTS  PRESENTATION 

•  LIMITED  REVIEW  AND  APPROVAL 

•  SIGNIFICANT  OPERATING  COST 


Fig.  5  Acceptability  factors  In  the  technical 
specialties. 


CASE  II  -  COMPUTER  USE  IN  AIRCRAFT  SYNTHESIS 


In  addition,  many  technical  specialty  programs 
are  extremely  large;  In  some  cases,  they  may  have 
tens  of  thousands  of  coded  statements.  The  Investment 
needed  to  understand.  Implement,  and/or  operate  the 
programs  Involves  significant  resources.  If  only  a 
few  groups  have  made  this  Investment,  then  there  1$ 
not  a  community  of  users  that  typically  express  opin¬ 
ions  about  Its  credibility,  utility,  concerns,  etc. 
This  leads  to  a  general  uncertainty  about  the  program 
which  lowers  It  acceptance. 

The  Items  above  suggest  that  the  program  devel¬ 
oper  can  trace  logic  through  Intermediate  and  final 
results,  but  others  usually  do  not.  Therefore,  the 
end  user  depends  solely  on  the  program  developer  and 
has  little  means  for  adequately  reviewing  the  work. 
These  circumstances  lead  to  lower  acceptance  of  the 
computer-generated  results. 

Figure  5  summarizes  several  factors  that  affect 
the  acceptance  of  computer-generated  results  In  the 
technical  specialties. 
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Large  aircraft  synthesis  programs  are  used  In  the  conceptual  design  phase  to  Integrate  all  the  disci¬ 
plines  and  get  a  combined  answer  that  Indicates  the  overall  feasibility  of  the  project.  In  the  usual  case.  It 
is  necessary  to  simplify  the  computations  in  each  of  the  discipline  areas  so  that  the  computer  program  Is 
manageable  in  terms  of  both  the  project  team  size  and  the  available  computer  power.  In  aircraft  synthesis, 
the  inputs  and  outputs  of  each  discipline  are  connected,  and  it  is  not  as  necessary  as  in  the  previous  case  to 
assume  Inputs  from  one  discipline  in  order  to  make  detailed  computations  in  another.  Figure  6  shows  that 
typical  synthesis  programs  are  modularized  by  discipline  and  in  some  cases  the  sequence  of  calculations  Is 
controlled  by  a  separate  module.  After  the  program  has  been  developed  and/or  modified  for  the  particular 
aircraft  design  case  of  interest,  trade  studies  are  conducted  to  find  the  best  combination  of  design  param¬ 
eters  that  meet  the  mission  specifications.  This  process,  called  optimization,  can  be  done  automatically 
(refs.  6,  15),  but  It  is  usually  augmented  by  manual  tradeoffs.  The  output  from  the  aircraft  synthesis  pro¬ 
cess  is  quantitative  information  on  which  to  select  a  preferred  configuration  for  further  design  work. 


Fig.  6  Synthesis  program  functions. 

A  number  of  factors  lead  to  low  acceptance  of  this  process.  An  Important  one  Is  due  to  the  technical 
specialist  himself,  who  believes  the  simplifications  used  In  the  aircraft  synthesis  process  are  Indeed  over¬ 
simplifications.  This  attitude  comes  from  an  understanding  of  all  the  factors  that  go  Into  each  technical 
specialty  and  a  general  unawareness  that  many  of  these  factors  are  accounted  for  by  sweeping  empiricism. 

This  difficulty  in  acceptance  again  relates  to  the  fact  that  IntermedlateJresults  are  not  presented.  In  many 
cases.  It  Is  possible  to  allay  the  concern  for  oversimplification,  if.  In  fact,  test  data  from  previous  air¬ 
craft  projects  are  compared  with  the  calculated  results.  This  usually  shows  that  the  simplifying  algorithms 
used  In  the  aircraft  synthesis  may.  In  fact,  correlate  well  with  historical  data.  Where  the  correlation  Is 
poor  it  Is  usually  possible  to  show  the  sensitivity  of  the  final  result  to  the  parameter  In  question.  Again, 
the  difficulty  Is  In  budgeting  sufficient  time  for  preparation  and  presentation  of  this  Intermediate  data 
during  briefings  and  reportings. 


While  the  logic  In  the  technical  specialty  programs  Is  Involved,  the  logic  In  most  synthesis  programs  Is 
even  more  so.  The  difficulty  here  Is  that  the  design  process  In  aircraft  synthesis  Is  very  Iterative  and 
there  are  multiple,  nested- Iteration  loops  that  are 
needed  to  converge  a  design  and  perform  tradeoff  52 

studies.  The  explanation  of  this  looping  process 
Is  usually  unclearly  written  or  described  and  leads 
many  viewers  or  observers  to  doubt  the  credibility  as 
of  the  process.  It  Is  particularly  unsatisfying 
when  a  reviewer  asks  for  reasons  why  a  configura¬ 
tion  parameter  has  been  selected  and  the  answer  is  ^  44 
that  an  extensive  Iterative  search  was  made  to  find  ~ 
the  optimum  value  of  the  parameter.  For  the  par-  § 
tlcular  parameter  In  question,  the  aircraft  synthe-  40 
sizer  may  not  have  graphic  material  that  explains  £ 

the  basis  for  selecting  the  value  of  the  parameter,  o 
Several  parameters  may  be  Interrelated  or  be  a  jjj  38 

function  of  several  others.  An  example  Is  shown  In  * 
figure  7,  which  describes  the  sizing  of  both  the  g 
propulsion  system  and  the  wing  on  a  VSTOL  fighter  2  32 
(ref.  16).  In  this  case,  the  particular  mission  < 
was  specified  and  the  best  combination  of  wing  size  >- 
and  engine  size  was  the  result  of  many  Iterated 
computer  solutions.  In  the  case  of  major  param¬ 
eters  like  wing  size  and  engine  size,  design  charts  24 
such  as  this  are  presented;  however,  for  other 
parameters  such  as  thlckness-to-chord  ratio,  a 
chart  such  as  this  may  not  have  been  prepared  or  20 
presented.  In  this  case  It  Is  difficult  for  the 
aircraft  synthesizer  to  explain  the  selection  of 

the  value  of  the  thlckness-to-chord  ratio  without  Fig.  7  Design  results, 

such  graphic  Information. 

Another  factor  that  relates  to  the  ones  above 
Is  the  expectations  of  the  reviewers  or  end  users 

of  the  Information.  In  many  cases,  reviewers  or  .  TECHNICAL  DEPTH 

users  want  more  technical  depth  In  the  aircraft 

synthesis  process.  Usually  the  depth  Is  limited  by  •  comparison  with  DATA 

the  budgeted  resources  and/or  the  computer  facll-  .  seNSmviTy  to  UNCERTAINTIES 

ity.  In  many  cases,  the  users  would  like  to  have  a 

detailed  design  or  a  very  good  preliminary  design  •  INTERMEDIATE  Results  PRESENTATION 

In  place  of  the  conceptual  design  that  Is  the  usual  ^ _ _ 

output  from  the  synthesis  process.  Therefore,  the  *  Lomto  now 

primary  factor  that  leads  to  low  acceptability  here  .  OBJECTIVES  CLARIFICATION 

Is  that  the  objectives  of  the  process  are  not 
clear.  That  Is,  the  objective  of  the  aircraft  syn¬ 
thesis  process  Is  to  select  aircraft  design  param¬ 
eters  that  will  permit  a  more  detailed  study  In  the  Fig.  8  Acceptability  factors  In  aircraft  synthesis, 
detailed  design  or  prototype  design  phases.  Clear 
descriptions  of  the  objective  are  crucial  to  accep¬ 
tance.  Figure  8  summarizes  several  factors  that 
affect  the  acceptance  of  aircraft  synthesis. 

PROJECTED  EVOLUTION  OF  CASES  I  AND  II 

The  obvious  question  at  this  point  Is:  why  aren't  the  detailed  calculations  In  the  technical  specialties 
conblned  with  the  aircraft  synthesis  calculations?  The  answer  Is  that,  at  the  present,  the  computer  power  of 
even  the  largest  computers  Is  not  adequate,  but  probably  will  be  In  the  future.  However,  even  with  more 
powerful  computers,  some  modifications  to  the  present  processes  are  anticipated.  For  example,  the  levels  of 
detail  will  exceed  the  one  or  two  levels  Implied  previously,  l.e.,  one  level  for  synthesis  and  another  In  the 
technical  specialties.  It  Is  expected  that  there  will  be  several  levels  of  detail  In  each  discipline  and  that 
the  aircraft  syntheslst  and  a  technical  specialist  will  work  as  a  team.  In  the  initial  design  phases,  the 
levels  may  be  appropriately  quite  simple  and,  as  the  vehicle  definition  becomes  more  detailed,  the  levels  of 
technical  computation  will  become  more  detailed.  Figure  9  shows  how  the  aerodynamics  methods  can  range  from 
simple  empirical  estimates  from  charts  through  several  levels  of  aerodynamic  calculations  to  measured  wind- 
tunnel  data.  The  other  technical  disciplines  have  similar  levels. 

The  process  of  combining  several  levels  will  require  more  modularization  of  each  of  the  technical  spe¬ 
cialties.  The  data  communication  between  the  disciplines  may  become  more  sophisticated.  Fortunately, 
emerging  computer  technology  In  both  hardware  and  software  will  aid  this  activity.  Computer  technology  will 
also  aid  the  display  of  Intermediate  results.  However,  the  Integration  of  the  detailed  technical  levels  will 
still  be  limited  to  some  extent  by  the  power  of  even  the  largest  computers  envisioned.  Distributed  computing 
facilities  may  alleviate  this  limit,  but  will  tax  the  data  base  and  comiunlcatlons  technology. 

Measured  data  at  the  present  time  and  In  the  future  will  continue  to  be  the  most  convincing  element  In 
the  definition  of  the  future  airplane  design.  There  is  a  need  to  find  theoretical  techniques  In  the  technical 
specialty  areas  that  Include  test  data  as  an  Integral  part  of  the  calculated  results.  This  Is  accomplished 
to  some  extent  In  the  synthesis  process  by  the  modification  of  purely  theoretical  approaches  by  empirical  or 
historical  Information.  However,  In  the  technical  specialties,  most  of  the  purely  theoretical  approaches 
leave  little  opportunity  to  Include  test  data  as  part  of  the  Input  to  these  approaches  (fig.  4).  In  the 
future.  It  may  be  possible  to  reformulate  the  theoretical  approaches  to  accept  test  Information  as  part  of 
the  Input  process. 


•  TECHNICAL  DEPTH 

•  COMPARISON  WITH  DATA 

•  SENSITIVITY  to  uncertainties 

•  INTERMEDIATE  results  presentation 

•  COMPLEX  LOOK.  Flow 

•  OBJECTIVES  CLARIFICATION 


8  Acceptability  factors  In  aircraft  synthesis. 
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Fig.  9  Aircraft  design  functions  and  levels. 

One  of  the  key  factors  In  the  acceptance  of  computer-generated  results  will  be  whether  the  programs 
themselves  are  readable  by  the  technical  community.  This  calls  for  the  development  of  computer  codes  that 
use  standard  programming  languages,  which  In  the  future  should  be  readable  by  all  engineers.  Computer  pro¬ 
grams  that  are  documented  within  the  code  Itself  will  be  more  readily  accepted  since  reviewers  can  more 
easily  spot  check  the  logic,  the  algorithms,  and  the  overall  architecture  of  the  computer  programs.  This  Is 
an  entirely  different  prospect  than  In  current  practice.  It  will  be  important  that  the  algorithms  that 
describe  technical  computations  be  reviewed  and  edited  much  the  way  scientific  journals  are  in  the  present. 
Just  as  any  language  can  be  written  clearly,  concisely,  and  with  great  readability,  it  is  also  possible  to 
write  with  confusion,  wordiness,  and  complexity.  Before  computer  programs  can  be  fully  accepted  It  will  be 
necessary  that  they  be  written  clearly,  reviewed,  edited,  and  published.  Then  the  intrinsic  factor  in 
acceptability  -  which  Is  understanding  -  can  be  met. 


Modularity,  which  has  been  discussed  as  an  aid  to  understanding  and  implementing  synthesis  programs, 
also  enhances  their  readability.  It  Is  also  extremely  effective  in  clarifying  the  discipline  computations 
that  specialists  understand.  In  fact,  people  with  good  engineering  backgrounds  should  be  able  to  read 
modular  programs.  If  modularity  is  accomplished,  the  data  communications  between  separate  discipline 
modules  become  the  key  to  understanding.  It  becomes  Imperative  to  know  what  Is  Input  for  one  module  and  what 
Is  output  for  another,  and  where  the  origin  of  all  parameters  is  located.  Understanding  how  the  data  is 
communicated  is  almost  impossible  in  large  nonmodularized  programs. 


Finally,  It  will  be  Important  to  expend  much  more  effort  on  defining  and  explaining  some  of  the  very 
complex  and  highly  original  algorithms  currently  in  use  to  conduct  matrix  computations  and  complicated 


•  extensive:  modularization 

•  INTEGRATE  MEASUREMENTS  WfTH  THEORY 

•  PRESENT  INTERMEDIATE  RESULTS 

•  Publish  programs 

Fig.  10  Acceptability  Improvers. 


convergence  loops.  In  many  cases,  fluid  dynamlcists, 
structural  analysts,  etc.,  do  not  describe  these 
Iteration  processes  well  enough  since  they  often  are 
more  appropriate  for  computer  science  or  numerical 
analysis  papers  than  for  papers  In  fluid  dynamics  or 
structures.  Consequently,  this  extremely  Important 
part  of  the  engineering  process  Is  sometimes  lightly 
covered  during  reporting. 

In  summary ,  the  acceptance  of  computer-generated 
results  in  the  future  will  depend  on  several  Items, 
Including:  Integration  of  measured  data  and  theory, 
presentation  of  Intermediate  results  and  assumptions, 
and  good  programming  practice  and  review  process 
(fig.  10). 


CONCERNS  FOR  THE  FUTURE 

Even  If  computer  usage  In  the  technical  specialties  and  In  aircraft  synthesis  evolves  as  described  above, 
and  even  If  the  prospective  enhancements  are  adopted,  there  will  continue  to  be  concerns  about  the  use  of 
computers.  One  expected  concern  stems  from  the  prospect  of  Integrating  the  synthesis  process  and  the  techni¬ 
cal  specialties.  This  concern  Is  that  the  complexity  of  the  process  will  become  so  enormous  that  even  the 
most  astute  computer  scientists  and  designers  on  the  team  will  not  be  able  to  adequately  understand  the  total 
process.  While  modularity  and  good  programming  practice  will  certainly  aid  understanding,  there  is  a  point 
at  which  the  scope  and  depth  of  the  potential  computational  system  of  the  future  will  be  beyond  the  capabili¬ 
ties  of  a  single  Individual  or  even  small  groups  of  Individuals. 
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Another  concern  stems  from  the  prospect  of  combining  measured  and  calculated  Information  In  the  design 
of  an  aircraft.  While  the  proper  use  of  both  measured  and  calculated  data  will  certainly  give  aircraft  design 
the  most  credibility.  It  may  be  difficult  to  discern  the  extent  to  which  the  airplane  Is  based  on  test  data, 
empirical  Information,  or  totally  theoretical  approaches.  At  this  point,  It  may  be  difficult  to  assess  the 
risk  In  taking  the  airplane  to  production  or  flight  test.  The  measure  of  risk  may  be  based  largely  on  the 
record  of  the  computational  system  in  predicting  the  performance  capability  of  existing  aircraft.  As  the 
computational  systems  evolve,  they  may  develop  success  records  much  the  way  design  teams  have  In  the  past. 
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SUMMARY 

The  paper  is  about  multivariate  optimisation  (MVO)  computer  programs  in  the  field  of 
aircraft  design.  The  constitution  of  such  programs,  which  embody  an  optimisation  method 
as  well  as  a  mathematical  model  of  aircraft  design  and  operation  comprised  of  aircraft 
design  synthesis  and  performance  analysis  methods,  is  discussed  in  general  terms.  The 
main  part  of  the  paper  is  concerned  with  some  techniques  for  using  MVO  programs  and  seeks 
to  show  how  the  optimisation  method  can  be  used  to  explore  the  model  and  cultivate  an 
insight  into  its  characteristics.  The  paper  concludes  with  a  discussion  of  some  possible 
applications  for  MVO  programs. 
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wing  aspect  ratio 

flap  angle  during  approach  to  landing 

lift  coefficient  during  approach  to  landing 

lift  coefficient  at  start  of  cruise 

compound  objective  function 

direct  operating  cost 

slat  chord/wing  chord 

flap  chord/wing  chord 

height  at  which  aircraft  is  designed  to  cruise 

particular  values  of  HCR 

installed  mass  of  engines 

aircraft  mass  at  start  of  cruise 

aircraft  mass  at  take-off 

particular  simple  objective  functions 

price  of  fuel 

dynamic  pressure  in  cruise  condition  (VCR,  HCR) 

an  engine  re-rating  parameter  which  maintains  constant  time  between  overhauls 

wing  reference  area 
fin  area 

fin  area  required  for  weathercock  stability 
fin  area  required  to  cope  with  engine  failed  case 
angle  of  sweepback 
wing  thickness/chord 

speed  at  which  aircraft  is  designed  to  cruise 
wing  loading  at  take-off 

an  increment  due  to  cruise  height  being  HCR2  instead  of  HCR1 
error  in  objective  function 
maximum  error  in  selected  variable 
weighting  parameter 


1  INTRODUCTION 

This  paper  is  about  multivariate  optimisation  (MVO)  computer  programs  in  the  field 
of  aircraft  design.  More  specifically  it  is  concerned  with  MVO  programs  that  can  be  used 
to  determine,  though  only  in  broad  outline,  the  design  of  the  best  aircraft  for  a  chosen 
role  and  specified  performance.  An  MVO  program  of  this  kind  was  described  by  Kirkpatrick 
and  Larcombe  in  a  paper  presented  at  an  earlier  meeting  in  this  series  (Florence,  Italy, 
1973).  The  purpose  of  such  a  program  is  to  suggest  the  best  values  for  the  most  signifi¬ 
cant  aircraft  design  parameters,  thus  furnishing  a  rudimentary  description  of  the  optimum 
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aircraft  and  its  capabilities.  For  convenience  this  rudimentary  description  will  be 
termed  a  design,  but  it  is,  of  course,  only  a  design  in  an  embryonic  sense,  and  it  would 
not  even  be  wise  to  adopt  it  as  the  starting  point  for  the  detailed  design  of  a  new  air¬ 
craft  without  first  undertaking  exploratory  investigations  in  much  greater  depth. 

The  paper  begins  with  a  general  survey  of  the  constitution  of  MVO  programs  of  the 
type  characterised  above.  This  survey  provides  the  basis  for  an  extended  examination  of 
some  MVO  program  results  illustrating  how  the  complex  interactions  involved  in  the  design 
process  may  be  traced  and  how  an  improved  understanding  of  the  working  of  the  mathematical 
model  can  be  achieved.  If  experience  shows  that  the  model  is  a  good  one,  the  improved 
understanding  of  the  model  is  potentially  capable  of  providing  new  or  improved  physical 
insights  into  the  design  of  real  aircraft.  The  paper  concludes  with  an  example  and  some 
further  suggestions  for  the  exploitation  of  MVO  programs. 

2  THE  CONSTITUTION  OF  AN  MVO  PROGRAM 

An  MVO  program  embodies  design  synthesis  and  performance  analysis  methods  and,  in 
addition,  an  optimisation  method.  The  design  synthesis  and  performance  analysis  methods 
are  combined  to  create  an  aircraft  design  and  operations  model,  and  the  optimisation 
method  is  used  to  explore  and  exploit  the  possibilities  presented  to  it  by  the  model. 

The  user  of  an  MVO  program  should  make  every  effort  to  acquire  an  insight  into  the 
working  of  its  model,  and  advantage  should  be  taken  of  every  opportunity  to  deepen  and 
extend  this  insight.  Thorough  appraisal  of  the  results  of  related  optimisations 
performed  using  the  same  MVO  program  is  the  means  to  this  insight  but  an  intimate  know¬ 
ledge  of  the  model  itself  is  an  essential  prerequisite.  To  this  end  the  user  should  be 
familiar  not  only  with  the  methods  embodied  in  the  model  but  also  with  the  precise  way  in 
which  they  have  been  formulated. 

Considerations  connected  with  the  optimisation  method  will  have  influenced  the 
formulation  of  the  model.  These  considerations  include  the  facilities  provided  by  the 
optimisation  method  and  also  any  susceptibilities  which  may  adversely  effect  its  inter¬ 
action  with  the  model  in  the  presence  of  some  particular  model  characteristics.  Apart 
from  being  aware  of  these  aspects  of  the  optimisation  method  the  user  does  not  need  to 
know  in  detail  how  the  optimisation  process  v.orks.  However,  part  of  the  printout  indicate 
how  the  optimisation  has  proceeded  and  how  the  optimisation  method  has  functioned,  and  it 
is  desirable  for  the  user  to  be  able  to  interpret  this  information. 

In  a  mathematical  model  the  aircraft  and  performance  descriptions  are  in  terms  of  a 
number  of  measurable  quantities.  The  quantities  may  be  dimensional  and  non-dimensional. 
There  are  geometric  quantities  such  as  wing  span,  wing  sweep,  wing  taper  ratio,  fuselage 
length,  fuselage  maximum  cross  sectional  area.  There  are  mass  quantities  such  as  the 
take-off  mass  of  the  aircraft,  the  mass  of  its  payload,  the  mass  of  the  fuel  it  consumes, 
the  masses  of  its  structural  components,  power  plant,  furnishings,  and  so  on.  There  are 
also  quantities  relating  to  the  aircraft's  aerodynamic  characteristics,  principally  lift 
and  drag  coefficients.  These  of  course  are  interrelated  quantities  even  for  a  given  air¬ 
craft  design  and  moreover  their  relationship  changes  during  flight  with  changes  in  air¬ 
craft  configuration  (flap  setting  and  whether  the  undercarriage  is  extended  or  retracted). 
Other  quantities  relate  to  the  aircraft's  performance.  Examples  of  these  are  cruise  speed 
cruise  altitude,  approach  speed,  take-off  field  length.  The  performance  quantities  of 
interest  depend  to  some  extent  on  the  type  of  aircraft  being  considered.  For  a  combat  air 
craft  they  would  include  such  measures  of  performance  as  specific  excess  power  and  sus¬ 
tained  rate  of  turn.  There  are  also  price  quantities,  for  example  the  price  of  the  air¬ 
craft,  the  price  of  its  airframe,  the  price  of  its  engines,  the  cost  of  spares,  the  cost 
of  maintenance,  the  cost  of  the  fuel  consumed.  There  may  be  measures  of  aircraft 
productivity.  As  well  as  containing  quantities  relating  directly  to  the  aircraft  of  the 
model  there  are  quantities  such  as  those  which  define  the  standard  atmosphere.  The  fore¬ 
going  examples  are  only  a  small  selection  from  the  host  of  diverse  quantities  that  are 
involved  in  the  construction  of  a  model.  Some  of  these  quantities  are  of  greater,  or  at 
least  more  regular,  interest  than  others,  perhaps  because  more  meaning  attaches  to  then 
or  because  their  significance  is  easier  to  appreciate.  Other  quantities  are  of  little 
interest  in  themselves  and  perhaps  only  serve  as  convenient  intermediate  values  in  the 
progress  of  the  design  and  performance  calculations.  In  between  there  are  quantities 
that  are  of  occasional  interest. 

The  quantities  are  all  interrelated  by  equations  and  inequations  which,  more  than 
anything  else,  characterise  the  model.  Some  of  these  are  of  a  fundamental  nature  but  a 
few  are  likely  to  be  wholly  empirical  and  many  more  semi-empirical.  In  some  instances  the 
model  may  include  relationships  implied  by  tabulated  data,  but  then  the  formulation  of  the 
model  will  of  necessity  include  interpolation  subroutines.  This  is  effectively  the  same 
as  if  empirical  relationships  had  been  embodied  in  the  program. 

The  selection  of  the  quantities  that  are  to  be  included  in  a  model  involves  many 
choices  that  are  related  to  the  detail  to  be  included  in  the  model.  In  making  these 
choices  the  purpose  for  which  the  model  is  to  be  used  should  be  kept  clearly  in  mind. 

In  practice  the  model  will  not  be  immutable  but  will  evolve  as  experience  is  gained  and 
shortcomings  are  recognised  and  perhaps  also  because  the  need  arises  to  use  the  model  for 
a  purpose  that  was  not  originally  envisaged.  When  this  happens  it  is  important  to  review 
the  level  of  detail  in  the  various  parts  of  the  model  to  guard  against  any  serious  degree 
of  imbalance.  The  selection  of  the  equations  and  inequations  which  express  the  inter- 
relatiohships  between  the  quantities  involves  judgements  that  are  mainly  concerned  with 
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the  level  of  approximation  that  should  be  accepted.  Here  the  problem  is  to  maintain  a 
reasonable  balance  between  the  disadvantages  of  greater  complexity  and  the  benefits  of 
greater  accuracy. 

A  model  in  the  terms  described  above  is  a  conceptual  model  but  still  not  a  usable 
model.  It  is  necessary  to  arrange  the  quantities  and  equations  in  some  coherent  manner  so 
that  the  model  can  be  used  and  'explored'  by  the  optimising  method.  This  process  of 
formulating  the  model  so  that  it  can  be  embodied  in  an  MVO  program  involves  assigning 
roles  to  all  of  the  quantities.  In  what  has  been  referred  to  as  the  conceptual  model, 
some  of  the  quantities  are  constants  but  most  are  variables.  Examples  of  constants  in 
the  conceptual  model  could  be  the  acceleration  due  to  gravr'ty,  or  the  temperature  lapse- 
rate  in  the  troposphere  of  the  standard  atmosphere.  In  the  formulation  of  the  model  for 
an  MVO  program  some  of  the  variable  quantities  of  the  conceptual  model  may  be  assigned 
to  the  role  of  constants  (an  example  might  be  stage  length  in  the  formulation  of  a  model 
for  studying  transport  aircraft).  The  assignment  of  a  truly  variable  quantity  to  the 
role  of  a  constant  in  the  formulated  model  reduces  the  freedom  of  the  optimisation  method 
to  explore  the  model  but  it  does  not  prejudice  the  true  character  of  the  quantity.  The 
reason  for  treating  a  variable  quantity  in  this  way  may  be  connected  with  the  envisaged 
way  of  using  the  MVO  program,  or  it  may  be  associated  with  a  compromise  that  has  been 
accepted  in  order  to  avoid  unduly  complicating  the  program.  Among  the  remaining  truly 
variable  quantities  it  is  necessary  to  assign  some  to  the  role  of  independent  variables 
and  the  rest  to  the  role  of  dependent  variables.  These  assignments  are  necessary  to 
enable  the  formulation  of  the  model,  ie  to  convert  the  conceptual  model  into  a  usable 
model,  but,  as  in  the  case  of  the  assignment  of  variable  quantities  to  the  role  of  con¬ 
stants,  they  do  not  change  the  fundamental  character  of  the  variable  quantities  concerned. 
Thus  when  an  individual  optimum  aircraft  design  is  being  considered  the  distinction 
between  the  variable  quantities  that  have  been  assigned  to  the  role  of  independent 
variables  and  those  assigned  to  the  role  of  dependent  variables  within  the  MVO  program 
has  no  significance  and  the  distinction  can  be  disregarded.  It  can  however  be  useful  to 
retain  the  distinction  when  the  results  of  a  sequence  of  related  designs,  generated  by 
means  of  the  same  MVO  program,  are  being  examined  to  gain  a  better  insight  into  the  model 
with  the  aid  of  the  optimisation  method. 

Variable  quantities  should  be  selected  for  the  role  of  independent  variables  with 
the  joint  aims  of  simplifying  the  formulation  of  the  model  and  saving  computing  time.  But 
the  number  of  possible  alternative  formulations  is  very  large  indeed  and  the  one  finally 
evolved  is  likely  to  be  one  of  a  large  number  of  satisfactory  formulations  of  practically 
indistinguishable  merit. 

After  the  model  has  been  formulated  there  is  some  scope  for  reassigning  roles.  It 
is  an  easy  matter  to  fix  the  value  of  a  quantity  assigned  to  the  role  of  an  independent 
variable  in  the  formulation  of  the  model,  thus  effectively  reassigning  it  to  the  role  of 
a  constant.  It  is  also  possible  to  perform  a  sequence  of  optimisations  with  one  of  the 
variable  quantities  that  has  been  assigned  to  the  role  of  a  constant  being  given  a 
different  value  for  each  member  of  the  sequence  of  optimisations.  The  quantity  thus 
reverts  to  a  variable  role  but  only  outside  the  MVO  program.  A  variable  quantity  used  in 
this  way  may  be  described  as  having  been  assigned  to  the  role  of  an  'external'  independent 
variable  to  distinguish  it  from  the  independent  variables  within  the  MVO  program.  In  the 
remainder  of  the  paper  phrases  such  as  "the  variable  quantity  assigned  to  the  role  of 
independent  variable/dependent  variable/external  independent  variable"  will  be  abandoned 
in  favour  of  the  more  concise  terminology  "independent  variable  ( IV) /dependent  variable 
(DV) /external  variable  (EV)",  but  the  phrase  "variable  quantity  assigned  to  the  role 
of  ..."  will  nevertheless  be  implied. 

The  inclusion  of  inequations  in  both  conceptual  and  formulated  models  has  already 
been  mentioned,  but  so  far  no  indication  has  been  given  of  the  way  in  which  they  arise. 

An  example  will  now  be  given.  A  conceptual  model  for  studying  transport  aircraft,  includ¬ 
ing  passenger  carrying  aircraft,  m'ght  include  the  philosophy  that  fuel  should  be 
excluded  from  the  fuselage  and  carried  in  the  wing  instead  in  order  to  enhance  the  pros¬ 
pects  for  passenger  survival  in  accidents  culminating  in  a  fire.  This  philosophy  would 
exclude  from  the  model  any  aircraft  design  in  which  the  wing  is  too  small  to  accommodate 
all  of  the  fuel  and  would  give  rise  to  the  following  inequation: 

Volume  required  to  accommodate  maximum  fuel  >  space  available  for  fuel  in  wing 

In  this  example,  it  is  probable  that  the  quantities  on  both  sides  of  the  inequality  symbol 
would  be  dependent  variables  but  this  is  not  the  only  possibility.  In  general  dependent 
variables,  independent  variables  and  constants  may  be  involved.  Inequations  that  involve 
an  independent  variable  and  a  constant  present  no  difficulty  since  the  optimisation  method 
can  readily  be  programmed  in  such  a  way  that  the  value  of  each  independent  variable  may 
only  be  chosen  from  within  a  limited  range  of  values.  The  inequation  can  then  be  enforced 
by  setting  the  appropriate  bounding  value  (ie  either  the  upper  or  lower  bound)  for  the 
relevant  independent  variable  equal  to  the  constant  in  the  inequation.  To  cope  with 
inequations  in  which  one  of  the  quantities  is  a  dependent  variable,  or  where  both  of  the 
quantities  are  dependent  variables,  an  optimisation  method  with  the  facility  to  deal  with 
inequality  constraints  is  needed. 

There  are  more  ways  than  one  of  providing  such  a  facility.  From  the  MVO  program 
user's  point  of  view,  two  categories  of  inequality  constraint  can  be  discerned.  In  one 
of  these  categories  (barrier  function  methods)  the  constraints  are  satisfied  at  all  stages 
of  an  optimisation  from  beginning  to  end.  Aircraft  designs  that  comply  with  all  of  the 
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constraints  are  termed  'feasible'  designs  and  designs  that  fail  to  comply  with  one  or 
more  of  the  constraints  are  termed  'infeasible'.  It  is  generally  necessary  for  the  user 
to  supply  data  that  can  be  used  in  the  program  to  define  an  aircraft  design  which  serves 
as  the  point  of  departure  for  the  optimisation.  For  methods  in  the  category  already 
mentioned  this  first  design  must  be  a  feasible  one.  It  is  not  reasonable  to  put  the  onus 
on  the  MVO  program  user  for  ensuring  that  the  first  design,  based  on  the  data  supplied, 
will  be  a  feasible  one,  and  consequently  barrier  function  methods  require  an  additional 
process  which  can  modify  an  infeasible  first  design  and  convert  it  into  a  feasible  one 
before  the  optimisation  process  commences.  With  a  complex  set  of  constraints  this  can 
present  serious  difficulties  and  the  need  for  this  additional  process  is  a  drawback. 
Methods  in  the  other  category  do  not  encounter  this  difficulty  because  they  are  not 
limited  to  working  with  feasible  designs.  These  methods  have  the  capability  of  'learning' 
how  to  choose  sets  of  values  of  the  independent  variables  so  as  to  reduce  any  violations 
of  the  inequations.  The  inequations  originally  conceived  in  the  form 

A  >  B  or  B  <  A 

are  expressed  in  the  form 

C  <  0  where  C  =  B  -  A  . 


The  quantities  C  ,  which  are  always  dependent  variables,  are  called  constraint  residuals. 
When  the  constraint  residual  of  an  inequality  constraint  is  negative  it  is  called  a  con¬ 
straint  violation.  The  inequality  constraints  corresponding  to  constraint  violations  are 
used  to  reduce  the  magnitude  of  the  constraint  violations  in  successive  designs.  They 
work  by  providing  incentives  which  influence  the  choice  of  values  for  the  independent 
variables.  The  inequality  constraints  that  are  acting  in  this  manner  are  said  to  be 
active.  The  set  of  active  constraints  can  change  during  the  course  of  an  optimisation  and 
commonly  does  so,  especially  in  the  early  stages.  Since  the  individual  inequality  con¬ 
straints  can  change  from  being  active  to  being  inactive  and  vice  versa  during  the  course 
of  the  optimisation  it  is  sometimes  useful  to  be  able  to  distinguish  the  ones  that  are 
active  in  the  case  of  the  final  (optimum)  design,  and  for  this  purpose  the  term  binding 
constraints  may  be  used.  It  is  not  necessary  to  make  this  distinction  in  the  present 
paper  because  reference  will  only  be  made  to  the  optimum  designs  and  therefore  the  terms 
active  and  inactive  will  be  used.  At  the  outset  of  an  optimisation  some  large  constraint 
violations  may  occur,  but  during  the  course  of  the  optimisation  the  magnitude  of  the 
violations  are  progressively  reduced  until,  by  the  end  of  the  optimisation,  any  constraint 
violations  are  contained  within  a  very  small  tolerance  which  may  be  specified  so  that  for 
all  practical  purposes  compliance  with  the  inequations  is  achieved. 


The  model  may  include  concepts  which  may  be  expressed  in  the  form  of  one  or  the 
other  of  the  following  statements. 


or 


A  is  equal  to  the  greater  of  B  and  C  , 
G  is  equal  to  the  lesser  of  H  and  J  . 


The  optimisation  process  involves  numerical  differentiation  procedures  and  these  state¬ 
ments,  which  result  in  a  discontinuity  in  the  rate  of  change  of  A  or  G  with  respect  to 
at  least  one  of  the  independent  variables,  can  disturb  the  steady  progress  of  an  optimisa¬ 
tion.  The  contingency  can  be  avoided  by  providing  a  smooth  transition  confined  to  a 
rather  small  region  in  the  vicinity  of  the  intersection  of  B  and  C  or  G  and  H  . 

This  cannot  be  done  without  introducing  a  small  error  but  the  error  can  be  made  so  small 

that  it  is  of  no  practical  importance.  Although  sufficient  to  obviate  difficulties  with 
the  optimisation  method,  the  transition  is  too  localised  to  be  detected  by  the  user  of  the 
MVO  program  to  whom  the  original  gradient  discontinuity  will  appear  unchanged.  As  far  as 

the  user  is  concerned  the  effects  near  the  intersection  of  B  and  C  or  H  and  J  are 

similar  to  the  effects  in  the  vicinity  where  an  inequality  constraint  changes  between 
being  active  and  being  inactive,  and  to  the  effects  in  the  vicinity  where  an  independent 
variable  changes  from  being  a  variable  to  being  a  constant  because  it  has  encountered 
either  its  upper  or  lower  bound. 


The  interrelationship  between  some  quantities  in  a  model  may  be  such  that  an 
analytic  solution  either  does  not  exist  or  else  it  is  perhaps  unduly  cumbersome.  The 
normal  way  of.  dealing  with  this  situation  is  to  solve  by  iteration.  But  some  optimisa¬ 
tion  methods  embody  an  equality  constraint  facility  which  can  be  used  instead.  An  equality 
constraint  facility  functions  in  a  very  similar  way  to  the  inequality  constraint  facility 
already  described.  An  equation,  normally  in  the  form  P  =  Q  ,  which  is  to  be  dealt  with 
by  an  equality  constraint  is  re-expressed  in  the  form 


C  =  0  where  C 


P  -  Q  . 


As  for  an  inequality  constraint,  C  is  called  a  constraint  residual  but,  in  the  case  of  an 
equality  constraint,  the  constraint  residual  is  a  constraint  violation  regardless  of  its 
sign,  and  an  equality  constraint  is  always  active.  It  is  not  possible  to  generalise 
about  whether  it  is  more  economical  to  use  an  iteration  or  to  employ  an  equality  constraint. 
It  all  depends  on  the  particular  case.  However  in  one  respect  the  use  of  an  equality  con¬ 
straint  can  show  a  clear  advantage.  Sooner  or  later  the  possible  desirability  of  extend¬ 
ing  an  existing  model  by  incorporating  some  new  features  may  be  mooted.  By  the  use  of  the 
equality  constraint  facility  it  may  be  possible  greatly  to  simplify  changes  to  the  exist¬ 
ing  program  and  perhaps  avoid  the  need  to  rewrite  it  extensively.  Even  if  the  resulting 
program  turns  out  to  be  less  efficient  the  use  of  equality  constraints  can  save  program 
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redevelopment  time  and  enable  the  effect  of  changes  to  the  model  to  be  determined  more 
rapidly. 

For  an  MVO  program,  whose  model  includes  inequations,  an  optimisation  method  with 
an  inequality  constraint  facility  is  a  virtual  necessity.  To  have  an  equality  constraint 
facility  as  well  is  an  advantage.  These  capabilities  have  been  discussed  simultaneously 
with  the  formulation  of  the  model  on  account  of  the  vital  part  that  they  play  in  the 
formulation.  One  important  aspect  of  the  interrelationship  between  the  model  and  the 
optimisation  method  remains  to  be  discussed  and  that  is  the  way  in  which  the  optimisation 
method  is  to  gauge  the  relative  merits  of  different  designs.  The  optimisation  method 
requires  a  measure  and  this  must  be  selected  by  the  MVO  program  user.  The  measure  is 
termed  the  objective  function  and  it  is  conventionally  defined  so  that  a  smaller  value 
indicates  a  better  design.  Since  it  may  be  desired  to  consider  different  design  aims  at 
different  times  provision  may  be  made  for  several  alternative  objective  functions  from 
which  any  one  may  be  chosen  for  a  particular  optimisation.  Another  possibility  for  which 
provision  should  be  made  is  the  use  of  objective  functions  compounded  from  two,  or  even 
more  than  two,  simple  objective  functions  with  adjustable  individual  weightings.  The 
utility  of  such  compound  objective  functions  will  be  discussed  later  in  the  paper.  Which¬ 
ever  objective  function  is  chosen  for  a  particular  optimisation,  whether  simple  or  com¬ 
pound,  it  is  probable  that  it  will  be  a  dependent  variable.  There  is  no  fundamental 
reason  why  this  should  be  so,  it  is  merely  a  reflection  of  the  fact  that  an  objective 
function  is  generally  a  complicated  quantity  such  as  aircraft  weight,  or  aircraft  first 
cost,  or  cost  of  ownership,  or  direct  operating  cost.  It  is  hardly  likely  that  any  of 
these  quantities  would  be  an  independent  variable  since  their  adoption  as  such  would  not 
be  likely  to  lead  to  a  simple  formulation  of  the  model.  However  it  is  not  impossible  to 
imagine  a  simple  quantity  being  an  objective  function.  For  example  it  would  be  possible 
to  conceive  circumstances  in  which  there  might  be  interest  in  finding  the  aircraft  with 
the  smallest  possible  wing  span  compatible  with  the  attainment  of  some  stipulated  per¬ 
formance  requirement.  In  such  a  case  the  same  quantity  could  be  an  independent  variable 
and  the  objective  function  at  one  and  the  same  time. 

3  USING  AN  MVO  PROGRAM 

It  might  be  thought  that  an  optimisation  study  involving  a  single  optimisation, 
ie  one  application  of  an  MVO  program,  would  be  quite  usual.  In  fact  it  is  quite  excep¬ 
tional.  Some  reasons  for  this  will  perhaps  become  self  evident  when  possible  ways  of 
exploiting  MVO  programs  are  discussed  in  the  final  section  of  this  paper.  But  there  is 
one  reason  that  underlies  all  of  the  others.  It  is  that  it  is  possible  to  learn  so  much 
more  from  repeated  applications  of  an  MVO  program  than  from  a  single  application. 

3.1  Examining  the  results  of  a  systematic  study 

In  this  section  of  the  paper  some  MVO  program  results  will  be  used  to  demonstrate 
how  the  results  of  a  systematic  study  may  be  examined,  and  how  the  MVO  program  can,  if 
necessary,  be  used  in  order  to  develop  a  more  complete  and  coherent  understanding  of  the 
original  results.  Along  the  way  the  principle  phenomena  that  can  occur  in  constrained 
optimisation  studies  will  be  encountered,  and  before  the  end  is  reached  a  systematic 
approach  to  the  investigation  of  'peculiar'  results  will  have  emerged.  It  is  emphasised 
that  the  results  are  not  presented  as  they  would  be  if  they  themselves  were  the  subject 
of  the  paper,  and  that  they  are,  in  fact,  only  introduced  to  serve  the  purposes  of  the 
demonstration . 

The  results  come  from  part  of  a  study  of  conventional  swept-wing  transport  aircraft. 
The  MVO  program  used  in  the  study  had  15  independent  variables,  9  inequality  constraints, 
and  2  equality  constraints.  Two  of  the  independent  variables  were  fixed  so  that  as  used 
in  the  study  there  were  13  independent  variables  (see  Table  1).  The  study  aircraft  were 
all  optimised  with  direct  operating  cost  as  the  objective  function.  All  of  the  results 
considered  here  are  for  twin-engined  aircraft  having  the  same  payload  capacity,  able  to 
carry  their  capacity  payload  over  the  same  stage  length,  able  to  take-off  and  land  within 
the  same  prescribed  distances,  and  able  to  comply  with  the  same  engine  failed  ceiling 
requirement . 

The  two  independent  variables  that  were  fixed  in  the  MVO  method  were  the  cruising 
speed  (VCR)  and  the  cruising  height  (HCR).  These  two  quantities  were  used  as  external 
variables.  Only  two  values  of  cruising  height  were  considered  and  they  will  be  called 
HCR1  and  HCR2,  the  latter  being  the  greater  one.  In  the  first  place  five  equally  spaced 
values  of  cruising  speed  were  chosen  and  optimisations  were  performed  at  each  of  these 
speeds  and  at  both  heights.  For  present  purposes  it  will  be  supposed  that  interest 
centres  on  the  way  in  which  the  change  in  cruising  height  from  HCR1  to  HCR2  affects  the 
design  of  optimum  aircraft  at  the  various  cruising  speeds,  and  also  how  the  direct  operat¬ 
ing  costs  are  affected.  Of  the  many  variables  that  could  be  considered  only  a  few  can 
be  dealt  with  here.  For  preliminary  purposes  a  representative  selection  has  been  made. 

It  includes  the  objective  function,  three  other  dependent  variables,  and  one  independent 
variable.  The  objective  function  is  the  direct  operating  cost  (DOC).  The  three  other 
dependent  variables  are  the  aircraft  mass  at  take-off  (MTO),  the  aircraft  wing  loading  at 
take-off  (WLD),  and  the  aircraft  span  loading  (WLD/A)*.  The  independent  variable  is  the 
total  installed  mass  of  the  engines  (MENG).  For  the  pair  of  altitudes  considered  in  the 
study  the  effect  of  designing  for  the  greater  cruising  height  is  to  increase  the  direct 
operating  cost,  take-off  mass,  and  installed  engine  mass,  and  to  decrease  the  wing  load¬ 
ing  and  span  loading. 


A  =  aspect  ratio  so  WLD/A  =  take-off  weight/span2. 
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Points  representing  the  differences  in  these  variables  are  plotted  in  Fig  1.  The 
purpose  of  the  figure  is  to  show  how  the  differences  vary  with  cruising  speed.  The 
actual  values  of  the  differences  are  not  relevant  to  the  present  discussion.  The  scales 
and  their  origins  were  chosen  so  as  to  separate  the  sets  of  points  and  spread  them  evenly 
over  the  figure,  and,  to  avoid  confusing  the  figure  they  are  not  shown.  However  a  con¬ 
sistent  convention  has  been  adopted  for  all  of  the  quantities  and  the  magnitude  of  a  posi¬ 
tive  quantity  increases  up  the  figure  whilst  the  magnitude  of  a  negative  quantity 
decreases  up  the  figure.  No  attempt  has  been  made  to  draw  curves  through  the  sets  of 
points  but  successive  points  have  been  connected  by  straight  lines.  It  would  be  easy 
to  draw  smooth  curves  through  the  top  three  sets  of  points,  ie  those  for  ADOC,  AMTO,  and 
AWLD.  But  some  difficulty  could  be  experienced  in  attempting  to  draw  smooth  curves 
through  the  lowest  two  sets  of  points,  ie  those  for  A(WLD/A)  and  AMENG .  With  the  object  of 
clarifying  the  shape  of  the  last  two  curves  four  more  pairs  of  optimum  aircraft  were 
therefore  generated  at  cruising  speeds  which  equally  divide  each  of  the  original  four 
speed  intervals.  With  nine  points  in  each  set  it  might  be  expected  that  the  curves  would 
be  adequately  defined.  The  augmented  sets  of  points  are  plotted  in  Fig  2  which  shows 
that  the  expectation  is  not  fulfilled.  The  fourth  and  fifth  sets  of  points  can  be  seen 
to  exhibit  definite  irregularities  which  make  it  impossible  to  interpolate  their  curves 
with  any  confidence.  What  is  more,  the  third  set  of  points  now  shows  clear  signs  of 
irregularity,  and  in  the  second  set  of  points  a  suspicion  of  irregularity  may  be  detected. 
Only  in  the  case  of  the  first  set  of  points  do  the  four  new  points  blend  in  with  the 
original  five  points. 

What  is  the  meaning  of  this  result?  Is  it  an  indication  of  the  quality  of  the 
results  produced  by  the  MVO  program?  Why  do  the  results  for  some  quantities  exhibit 
more  irregularity  than  others?  Is  it  perhaps  significant  that  the  most  regular  set  of 
results  are  those  for  the  objective  function?  Well  yes,  as  a  matter  of  fact  it  is!  A 
justification  for  this  assertion  will  be  given  almost  immediately.  But  another  question 
that  could  be  asked  is  as  follows.  Are  there  any  grounds  for  expecting  the  curves  to  be 
continuous  or  to  exhibit  continuity  of  slope?  The  answer  to  this  question  will  emerge 
in  the  course  of  this  section  of  the  paper.  Returning  to  the  question  whether  it  is  sig¬ 
nificant  that  the  most  regular  set  of  results  are  those  for  the  objective  function, 
consider  the  following  proposition.  Suppose  that  following  an  optimisation  any  one 
variable,  independent  or  dependent  but  excluding  the  objective  function,  were  to  be 
singled  out  for  special  consideration.  This  variable  will  be  referred  to  as  the  selected 
variable.  Its  optimum  value  would  be  known  (see  Fig  3).  Suppose  that  the  optimisation 
were  to  be  repeated  with  one  difference,  namely  with  the  selected  variable  forced  to 
take  a  value  differing  from  its  optimum  value.  The  value  of  the  objective  function  for 
the  new  design  should  not  be  less  than  the  value  for  the  design  generated  in  the  original 
optimisation  because  in  the  second  optimisation  a  degree  of  freedom  has  been  given  up. 

Very  exceptionally  the  second  optimisation  could  yield  the  same  value  for  the  objective 
function  as  did  the  original  optimisation  but  usually  a  higher  value  would  be  obtained. 

In  the  second  optimisation  all  of  the  other  variables  would  be  free  to  assume  new  optimum 
values  to  make  the  new  value  of  the  objective  function  a  minimum  with  the  prescribed 
value  of  the  selected  variable.  Suppose  that  an  ideal  optimisation  method  were  to  be 
available  so  that  perfectly  error-free  results  could  be  produced  in  both  of  the  foregoing 
optimisations.  Now  a  real,  as  opposed  to  an  ideal,  optimisation  method  embodies  a  proce¬ 
dure  whose  purpose  it  is  to  terminate  the  optimisation  when  the  true  optimum  has  been 
sufficiently  closely  approached.  This  involves  the  acceptance  of  an  error  (although  it 
is  an  error  that  can  be  made  v^ry  small).  Suppose  that  the  original  problem  with  the 
selected  variable  free  were  to  be  tackled  using  the  real  optimisation  method  and  that  on 
account  of  its  termination  procedure  it  stopped  with  precisely  the  same  solution  as  found 
in  the  second  optimisation  with  the  ideal  optimisation  method.  The  difference  between 
the  values  found  for  the  variables  (including  the  objective  function)  and  those  found  in 
the  first  optimisation  using  the  ideal  method  would  now  be  errors  caused  by  the  termina¬ 
tion  of  the  optimisation.  If  the  real  optimisation  had  terminated  with  the  same  value  of 
the  selected  variable  but  with  a  different  value  for  cne  or  more  of  the  other  variables  the 
error  in  the  objective  function  would  have  been  greater.  This  means  that  a  constant  error 
contour  for  the  objective  function  must  be  shaped  as  shown  in  the  diagram  (see  Fig  3), 
and  it  shows  that  if  the  difference  between  the  original  and  second  ideal  optimisations 
are  regarded  as  errors  due  to  an  optimisation  termination  procedure,  then  the  difference 
between  the  values  of  the  selected  variable  is  the  maximum  error  in  the  selected  variable 
that  can  be  associated  with  an  error  in  the  objective  function  equal  to  the  difference  in 
the  values  of  the  objective  function. 

By  prescribing  a  series  of  values  for  the  selected  variable,  ranging  from  below  to 
above  its  optimum  value,  and  performing  an  optimisation  with  each  value,  a  curve  relating 
the  objective  function  and  selected  variable  could  be  determined.  Its  shape  could  be  of 
the  kind  shown  in  Fig  4.  Interpreting  this  curve  in  the  light  of  the  foregoing  discussion 
it  can  be  seen  that,  in  the  vicinity  of  the  true  optimum,  the  relationship  between  the 
error  (tQp)  in  the  objective  function  and  the  maximum  error  (e£y)  in  the  selected  variable 
could  be  closely  approximated  by  an  equation 

eof  =  <Esv/k)2 


where  k  is  a  coefficient  whose  value  would  depend  on  which  of  the  many  variables  had 
been  selected.  Consequently 


c 


SV 


4-7 


The  error  in  the  objective  function  can  only  be  positive  but  the  error  in  the  selected 
variable  may  be  positive  or  negative.  If  with  a  given  probability  the  scatter  in  the 
values  of  the  objective  function  is  within  a  range  eoF  »  then  the  scatter  for  the 
selected  variable  would  be  within  a  range  2k /Fop  .  This  shows  that  if  the  optimisation 
termination  procedure  were  to  be  made  more  stringent,  then  the  scatter  exhibited  by  any 
of  the  variables  other  than  the  objective  function  would  decrease  more  slowly  than  would 
the  scatter  exhibited  by  the  objective  function  itself.  It  is  to  be  expected  that  the 
objective  function  scatter  would  be  made  minimal,  but  this  might  not  be  sufficient  to 
ensure  that  the  scatter  would  be  imperceptible  for  every  variable. 

On  the  basis  of  the  foregoing  discussion  of  the  errors  that  could  arise  as  a  conse¬ 
quence  of  the  optimisation  termination  procedure,  the  possibility  that  the  irregularity 
in  some  of  the  sets  of  points  plotted  in  Fig  2  might  be  due  to  scatter  could  not  be 
excluded.  But  it  is  only  fair  to  reveal  that  the  apparent  irregularity  in  some  of  the 
results  has  very  little  to  do  with  scatter.  This  will  be  demonstrated  by  determining  the 
true  shape  of  the  curves.  To  accomplish  this,  and  to  provide  a  satisfactory  explanation, 
it  will  be  necessary  to  examine  the  results  closely.  Another  reason  for  pursuing  this 
course  is  to  dispel  any  impression  there  may  be  that  it  is  very  difficult,  or  perhaps  even 
impossible,  for  the  user  of  an  MVO  program  to  gain  a  satisfactory  insight  into  the  reasons 
why  a  particular  design  emerges  from  an  optimisation.  In  fact,  with  proper  techniques, 
using  an  MVO  program  can  be  at  least  as  instructive  as,  for  example,  engaging  in  parametric 
studies  where  the  parameters  are  varied  one  at  a  time. 

In  order  to  show  how  the  designs  evolve  as  the  specified  cruising  speed  is  increased, 
and  to  indicate  some  of  the  factors  that  influence  and  mould  the  changing  design,  some 
results  have  been  extracted  from  the  computer  printout,  which  contains  comprehensive 
information  about  each  design  and  its  performance.  The  sequence  of  designs  for  the  lower 
cruising  height  HCR1  is  dealt  with  first  in  rather  considerable  detail,  and  then  the 
sequence  of  designs  for  the  greater  cruising  height  HCR2  is  briefly  considered.  Finally, 
with  the  insight  gained  into  both  sequences  of  designs,  the  way  in  which  a  change  of 
cruising  height  from  HCR1  to  HCR2  affects  the  design  of  optimum  aircraft  is  again 
considered . 

Readers  who  are  interested  in  the  techniques  that  may  be  used  to  investigate 
sequences  of  designs,  but  who  are  not  so  interested  in  following  the  detailed  changes  in 
the  particular  design  sequences  examined  here,  will  find  that  they  can  scan  fairly 
rapidly  through  most  of  the  following  discussion. 

3.2  Examination  of  the  sequence  of  aircraft  designs  for  the  lower  cruising  height  HCR1 

For  aircraft  A,  which  is  the  optimum  design  for  the  lowest  cruising  speed  considered 
in  the  study,  the  printout  reveals  that  two  inequality  constraints  are  active.  They  are 
the  inequality  constraints  designated  IC2  and  10*4,  both  of  which  are  concerned  with 
aspects  of  aircraft  performance  with  an  engine  failed.  IC2  ensures  that  a  safe  climb 
gradient  can  be  attained  following  take-off,  and  IC*4  ensures  that  the  net  ceiling  is  not 
below  a  specified  value.  In  addition,  although  the  inequality  constraint  IC1  is  not 
active,  the  value  of  its  constraint  residual  is  small  and  this  suggests  that  IC1  may  be 
active  for  a  design  not  far  removed  from  aircraft  A.  A  look  at  the  results  shows  that  IC1 

is  active  in  the  case  of  aircraft  B,  the  optimum  design  at  the  next  higher  cruising  speed. 

The  inequality  constraint  IC1  ensures  that  aircraft  are  capable  of  complying  with  the  take¬ 
off  field  length  specified.  It  appears  that  at  a  cruising  speed  somewhere  in  the  interval 
between  the  cruising  speeds  of  aircraft  A  and  aircraft  B  there  is  a  change  in  the  state  of 
the  inequality  constraint  IC1.  To  investigate  how  the  optimum  design  evolves  through  the 
cruising  speed  interval  two  supplementary  optimisations  were  performed,  one  at  each  end  of 
the  speed  interval.  The  aim  was  to  achieve  a  new  aircraft  design  at  the  speed  of  aircraft 
B  which  has  the  same  active  constraints  as  aircraft  A,  and  to  achieve  a  new  aircraft  design 
at  the  speed  of  aircraft  A  with  the  same  active  constraints  as  aircraft  B.  The  new  design 

at  the  speed  of  aircraft  B  was  optimised  with  the  constraint  IC1  suppressed  and,  after 

checking  that  it  had  the  same  active  inequality  constraints  as  aircraft  A,  it  was  desig¬ 
nated  aircraft  Bj.  The  new  design  at  the  speed  of  aircraft  A  was  optimised  with  IC1  made 
into  an  equality  constraint  and  after  checking  that  it  had  the  same  active  constraints  as 
aircraft  B  it  was  designated  aircraft  A'  (see  footnote).  The  aircraft  A'  and  B^  although 
properly  optimised  are  not  legitimate  aircraft,  as  are  aircraft  A  and  B,  because  the 
requirements  they  have  been  made  to  fulfil  have  been  distorted.  But  the  affinity  between 
aircraft  A  and  Bj  on  the  one  hand  and  between  aircraft  A'  and  B  on  the  other  hand  is  of 
assistance  in  interpolating  legitimate  designs  in  between  aircraft  A  and  B.  In  addition, 
by  studying  the  trends  of  design  change  firstly  between  aircraft  A  and  Bj,  and  subsequently 
between  aircraft  A'  and  B,  the  effects  of  the  inequality  constraint  IC1  becoming  active 
can  be  seen. 

The  increase  in  cruising  speed  VCR  (the  external  variable),  between  aircraft  A  and 
aircraft  B^  is  2.85*. 

3.2.1  With  IC1  inactive  (aircraft  designs  A  and  Bj) 

It  is  found  that  the  increase  in  cruising  speed  results  in  block  speed  increasing 
by  2.53*.  The  consequent  increase  of  aircraft  productivity  dominates  the  other  cost 
changes  and  results  in  direct  operating  costs  being  lowered  by  1.44g.  The  increase  in 
the  cruising  speed  VCR  is  associated  with  an  increase  in  the  airflow  dynamic  pressure  QCR 


In  addition  to  having  the  same  active  constraints  there  are  other  requirements  relating 
to  the  independent  variables  which  are  explained  later. 
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amounting  to  5-78$.  The  take-off  mass  is  increased  by  only  0 . ll 3 Jt -  The  fuel  consumption 
is  increased  by  a  relatively  greater  amount  (!.***!%)  and  consequently  the  landing  mass 
increases  by  a  relatively  smaller  amount  (0.2*)%).  The  fuel  fraction  used  before  reaching 
cruising  height  is  slightly  greater  for  the  faster  aircraft  (2.8*1%  instead  of  2.80%)  and 
consequently  the  increase  in  the  aircraft  mass  at  the  start  of  cruise  MSSCR  is  only  0.38% 
Since  the  cruise  dynamic  pressure  QCR  is  increased  by  5.78%  and  the  mass  at  the  start  of 
cruise  is  only  increased  by  0.38%  it  follows  that  the  product  of  the  lift  coefficient  at 
the  start  of  cruise  CLCR  and  the  wing  area  S  must  decrease  since 

MSSCR/QCR  =  CLCR  x  S  . 


It  is  found  that  the  cruise  lift  coefficient  CLCR  is  reduced  by  2.69%  and  the  wing  area 
S  is  reduced  by  It  is  of  interest  to  notice  that  the  wing  aspect  ratio  A  is  reduced 

by  2.A7%  which  is  less  than  the  reduction  in  cruise  lift  coefficient  since  this  indicates 
that  the  ratio  of  lift -induced  drag  over  aircraft  weight  is  improved  being  reduced  by 
0.23%.  This  follows  from 


lift -induced  drag 


aircraft  weight  « 


The  installed  engine  mass  is  increased  by  2.59%  to  enable  the  prescribed  net  ceiling  to 
be  attained  with  an  engine  failed  (constraint  IC4). 


However,  because  RATING  is  reduced  by  2.A2%  the  static  thrust  available  for  take-off 
is  increased  by  a  mere  0.10%  and  the  static  thrust/weight  available  for  take-off  is 
actually  reduced  by  0.32%. 


The  reduction  of  RATING  is  of  some  interest  because  it  illustrates  how  searching 
the  computer  optimisation  process  is.  An  increase  of  RATING  results  in  a  proportionate 
increase  in  the  thrust  available  at  take-off  from  an  engine  of  given  size  and  installed 
mass.  It  also  results  in  a  reduction  in  the  cruise  thrust  available,  this  reduction  being 
graded  to  balance  the  adverse  effect  of  the  higher  take-off  rating  on  engine  life.  Thus 
the  effect  of  varying  RATING  is  to  vary  the  take-off  thrust  available  and  the  cruise 
thrust  available  from  an  engine  of  given  size  and  mass  without  affecting  engine  life  and 
hence  engine  maintenance  costs.  RATING  does  not  affect  the  thrust  available  to  maintain 
net  ceiling  with  an  engine  failed.  The  question  arises  therefore,  what  advantage  is  to 
be  gained  in  reducing  RATING  when  the  aircraft  is  not  cruise  thrust  limited,  ie  when  the 
size  of  engine  installed  is  not  influenced  by  the  thrust  required  for  the  cruise?  To 
answer  this  question  it  is  necessary  to  consider  how  the  fin  is  sized.  SPIN  is  in  effect 
the  greater  of  SFIN1 ,  the  minimum  fin  size  required  for  weathercock  stability,  and 
SFIN2,  the  fin  size  required  to  counteract  the  worst  yawing  moment  with  one  engine  failed. 
In  the  present  case  SFIN2  is  greater  than  SFIN1,  and  SFIN2  depends  on  the  maximum  thrust 
the  engines  can  develop.  As  long  as  the  installed  engine  size  remains  unchanged  therefore, 
reducing  RATING  will  result  in  reducing  fin  size  with  consequent  weight  and  drag  savings. 

As  RATING  is  reduced  with  constant  installed  engine  size  the  thrust  available  for  take-off 
distance  and  take-off  climb  is  reduced.  By  suppressing  IC1  we  have  suppressed  the  take-off 
distance  requirement  and  RATING  is  reduced  until  the  aircraft  becomes  take-off  climb 
gradient  limited  (IC2). 


The  increased  masses  at  take-off  and  landing  combined  with  the  reduced  wing  area 
result  in  higher  take-off  and  landing  wing  loadings: 


Take-off  wing  loading  is  increased  by  2.99% 
Landing  wing  loading  is  increased  by  2.79% 


Since  a  constant  approach  speed  is  specified,  the  increase  in  landing  wing  loading  is 
matched  by  an  equal  increase  in  approach  lift  coefficient  : 


CLA  increased  by  2.79% 


This  increased  approach  lift  coefficient  is  attained  with  smaller  slat  and  flap  chords 
(ELES  and  ETE)  but  increased  approach  flap  angle  (BTAA).  This  curious  result  is  a  conse¬ 
quence  of  complex  interactions  between  the  component  weights  of  the  wing  structure  and 
flap  operating  systems  and  their  combined  effect  on  the  mass  and  price  of  the  airframe. 
Although  the  resulting  interplay  between  flap  and  slat  chord  and  flap  angle  is  of  some 
interest  it  would  not  be  profitable  to  pursue  it  further  in  this  account. 


However  one  consequence  of  the  diminishing  slat  chord  is  that  the  available  take-off 
lift  coefficient  is  reduced.  The  optimising  program  has  not  found  any  benefit  from 
deflecting  the  trailing  edge  flaps  for  take-off  but  deploys  the  leading  edge  device.  The 
consequence  of  changes  in  wing  geometry  (mainly  reducing  slat  chord)  is  to  reduce  available 
take-off  lift  coefficient  CLTO  by  5.82%.  This  reduced  take-off  lift  coefficient  together 
with  the  higher  take-off  wing  loading  causes  the  take-off  speed  to  be  increased  by  6.57%. 


The  higher  take-off  speed  together  with  the  reduced  thrust /weight  available  at 
take-off  leads  to  an  increased  take-off  distance  and  in  fact  to  a  take-off  distance  in 
excess  of  the  limit  stipulated  in  the  original  requirement.  This  excessive  take-off  dis¬ 
tance  could  not  have  occurred  if  IC1  had  not  been  suppressed. 
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3.2.2  With  IC1  active  (aircraft  designs  A',  B,  C  and  D^)* 

It  is  found  that  the  speed  increase  between  aircraft  A*  and  B  is  accompanied  by  a 
direct-operating-cost  reduction  of  1.37)5  (of  1.44%  when  IC1  was  suppressed)  so,  although 
direct  operating  cost  is  still  decreasing  with  increasing  cruising  speed,  it  is  not 
decreasing  so  rapidly,  ie  the  restoration  and  activation  of  the  constraint  has  resulted 
in  a  small  direct-operating-cost  penalty. 

The  increase  in  VCR  now  leads  to  an  increase  in  the  take-off  mass  of  only  0.36)5 
(of  0 . 4 3 J5  with  IC1  suppressed).  Despite  the  take-off  mass  at  the  increased  speed  being 
less  than  with  IC1  suppressed  the  first  price  of  the  aircraft  is  0.32)5  greater  than  with 
IC1  suppressed. 

The  fuel  consumed  at  the  higher  speed  is  increased  by  1.16)6  ( of  1.44%  with  IC1 
suppressed)  and  the  landing  mass  increases  by  0.22%  (of  0.24%  with  IC1  suppressed). 

The  fuel  fraction  used  before  reaching  cruising  height  is  now  slightly  less  for  the 
faster  aircraft  (2.79 %  instead  of  2.80%)  and  so  the  increase  in  the  mass  at  the  commence¬ 
ment  of  cruise  is  0.37%  (ie  0.01%  greater  than  the  percentage  increase  in  MTO). 

The  5.78%  increase  in  QCR  together  with  the  0.37%  increase  in  initial  cruise  mass 
means  that  the  product  of  CLCR  and  S  must  decrease  by  5.12%.  In  fact 

Aircraft  A'  to  B  Aircraft  A  to  B^ 

CLCR  is  reduced  by  ,2.55%  2.69% 

and  S  is  reduced  by  '2.64%  2.49% 


CDI 

TJT 


The  aspect 

.  CLCR  . 

— 1 —  is 


ratio  is  reduced  by  2.19%  (of  2.47%  with  IC1  suppressed), 
reduced  by  0.37%  (of  0.23%  with  IC1  suppressed). 


so 


Aircraft  A'  to  B  Aircraft  A  to  B]^ 

The  installed  engine  mass  is  increased  by  2.27%  2.59% 

but  RATING  is  only  reduced  by  0.02%  2.42% 

(RATING  remains  practically  constant  above  the  speed  just  exceeding  A  where  IC1  becomes 
active).  With  a  higher  take-off  thrust  being  required,  to  enable  take-off  within  the 
specified  distance,  reducing  RATING  further  would  result  in  heavier  engines  being 
required  and  there  would  not  even  be  any  savings  in  fin  size  and  weight  to  offset  against 
the  heavier  engines. 

The  combined  effect  of  the  changes  in  engine  size  and  RATING  is  to  increase  the 
thrust  available  for  take-off  by  2.25%  (of  0.10%  with  IC1  suppressed).  The  consequence 
of  this  thrust  increase  and  the  proportionately  smaller  increase  in  the  take-off  mass  is 
that  the  thrust/weight  ratio  at  take-off  increases  by  1.88%  whereas  it  decreased  by 
3.25%  when  IC1  was  suppressed. 

The  increased  masses  at  take-off  and  landing  combined  with  the  reduced  wing  area 
result  in  higher  take-off  and  landing  wing  loadings: 

Aircraft  A'  to  B  Aircraft  A  to  B^ 

Take-off  wing  loading  increased  by  3.08%  2.99% 

landing  wing  loading  increased  by  2.93%  2.79% 

With  the  constant  approach  speed  specified  the  increase  in  landing  wing  loading  is  matched 
by  an  equal  increase  in  approach  lift  coefficient: 


CLA  increased  by  2.93%  (of  2.79%  with  IC1  suppressed) 

This  increased  approach  lift  coefficient  is  attained  with  increased  slat  chord  ratio  ELES 
and  smaller  flap  chord  ratio  ETE  (though  not  as  small  as  with  IC1  suppressed)  and  with 
larger  approach  flap  angle  BTAA  (though  not  as  large  as  with  IC1  suppressed). 

These  changes  in  the  dependence  of  ELES,  ETE  and  BTAA  on  VCR,  together  with  the 
changed  dependence  of  RATING,  which  has  already  been  discussed,  are  the  most  striking 
consequences  of  the  constraint  IC1  becoming  active. 

The  changed  dependence  of  ELES,  ETE  and  BTAA  on  VCR  are  closely  connected  and  it 
appears  reasonable  to  regard  the  changed  dependence  of  ETE  and  BTAA  as  secondary  to 
the  changed  dependence  of  ELES.  The  reason  for  this  is  that  the  change  from  ELES  decreas¬ 
ing  to  ELES  increasing  with  increasing  VCR  is  the  major  factor  enabling  the  available 
take-off  lift  coefficient  to  be  increased  so  that  take-off  can  be  accomplished  within 


*  Initially  the  changes  between  aircraft  A'  and  aircraft  B  will  be  compared  with  the  changes 
between  aircraft  A  and  aircraft  B^ .  Then  the  subsequent  evolution  of  the  family  of 

designs  containing  aircraft  A'  and  B  wiii  be  traced  through  aircraft  C  and  Dj . 
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the  specified  distance,  despite  the  increasing  take-off  wing  loading,  with  lighter 
engines  than  would  otherwise  be  required. 

With  the  increased  cruise  speed  the  take-off  lift  coefficient  available  is 
increased  by  1.33<  instead  of  being  reduced  by  5.82*  as  when  IC1  was  suppressed. 

With  this  increased  take-off  lift  coefficient  the  increase  in  take-off  speed  is 
held  to  0.86*  despite  the  increase  in  take-off  wing  loading  (of  4 . 57 <  increase  in  take¬ 
off  speed  with  IC1  suppressed). 

Take-off  within  the  specified  distance  at  this  increased  take-off  speed  can  be 
achieved  by  virtue  of  the  higher  thrust/weight  available  at  take-off. 

If  the  cruise  speed  VCR  is  further  increased  it  is  found  that  the  aircraft  designs 
evolve  smoothly  until  a  speed  just  above  the  third  discrete  value  considered  and  then 
one  of  the  independent  design  variables  encounters  its  upper  bound.  To  facilitate 
detailed  consideration  of  the  effect  of  this  encounter,  the  upper  bound  of  the  affected 
independent  variable  may  be  raised  sufficiently  to  obviate  its  being  encountered  before 
the  next  discrete  speed  is  reached.  The  aircraft  design  generated  with  this  upper  bound 
raised  is  not  designated  aircraft  D  but  aircraft  Di  since,  although  it  is  a  member  of  the 
family  of  designs  that  includes  aircraft  A' ,  B  and  C,  it  is  not  a  legitimate  design. 

It  has  already  been  noted  that  in  the  interval  between  the  first  two  cruise  speeds 
considered  the  product  of  CLCR  and  S  must  decrease  because  the  increase  of  dynamic 
pressure  is  proportionately  much  greater  than  the  increase  in  the  aircraft  mass  at  the 
commencement  of  the  cruise.  This  remains  broadly  true  for  the  first  three  cruise  speed 
intervals  on  which  attention  is  now  focussed. 

Table  showing  percentage  change  (increase  positive)  in  interval 


Aircraft:  A' 

B 

C 

VCR 

+2.85 

+2.77 

+2.70 

QCR 

+  5-78 

+5.62 

+5.47 

MSSCR 

+  0.37 

+0.62 

+0.87 

(MSSCR/QCR)  “  CLCR  x  s 

-5.12 

-4 .73 

-4.36 

CLCR 

-2.57 

-2.80 

-3.53 

S 

-2.62 

-1.99 

-0.86 

However  the  table  shows  that  whereas  in  the  first  speed  interval  the  reduction  is  more  or 
less  equally  shared  between  CLCR  and  S,  successive  reductions  of  CLCR  increase  in  magnitude 
whilst  the  accompanying  reductions  of  S  decrease  in  magnitude.  In  seeking  a  cause  for 
this  phenomenon  it  is  necessary  to  beware  of  oversimplifying  the  possibly  complex  under¬ 
lying  interactions.  It  could  be  supposed  that  further  reductions  in  S  are  being  more 
strongly  inhibited  by  take-off  or  landing  considerations.  These  possibilities  could  of 
course  be  investigated  by  generating  additional  designs  with  the  take-off  and  landing 
requirements  relaxed  in  turn.  In  the  present  instance  it  is  probable  that  increasing 
compressibility  drag  is  having  a  significant  effect. 

Although  the  sequence  of  optimum  aircraft  have  increasing  sweep  (SWP)  and  reducing 
thickness -chord  ratio  (TC)  and  CLCR,  their  compressibility  drag,  expressed  as  a  fraction 
of  total  drag,  increases  progressively  with  each  increase  of  cruising  speed  and  Mach 
number . 


Aircraft : 

A'  B 

C 

D1 

Compressibility  drag/total  drag  % 

+4.36  +5  -  04 

+5.94 

+6.88 

t  change  in  interval: 

VCR,  MCR 

+2.85 

+2.77 

♦2.70 

SWP 

+6.80 

+7.30 

♦6.82 

TC 

-4 .04 

-4.27 

-5.02 

CLCR 

-2.57 

-2.80 

-3.53 

This  suggests  that  compromises  involving  compressibility  drag  may  be  at  least  partly 
responsible  for  putting  the  brake  on  further  reductions  in  wing  area  and  perhaps  for 
reversing  the  trend. 

Successive  aircraft  in  the  sequence  penetrate  further  into  the  compressible  flow 
regime  and  the  penalty  of  increased  compressibility  drag  appears  not  to  be  a  sufficient 
deterrent  because  the  aircraft  for  the  fourth  discrete  cruise  speed  considered 
(aircraft  D^)  penetrates  further  than  the  design  synthesis  model  would  normally  permit. 

The  design  synthesis  model  employed  in  the  study  being  discussed  incorporates  a 
quantity  which  is  intended  to  be  a  measure  of  the  degree  of  penetration  into  the  com¬ 
pressible  flow  regime.  This  quantity  is  used  to  indicate  aircraft  which  would  cruise  too 
close  to,  or  even  beyond,  the  buffet  boundary  and  thus  encounter  or  risk  encountering 
unacceptable  compressibility  effects.  It  can  therefore  be  used  to  exclude  such  aircraft 
from  consideration. 

The  design  synthesis  could  have  been  formulated  with  this  quantity  a  dependent 
variable  in  which  case  an  inequality  constraint  would  have  been  required.  In  fact  the 
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particular  design  synthesis  being  used  was  formulated  with  this  quantity  as  an  indepen¬ 
dent  variable  IV6  and  the  upper  bound  on  this  independent  variable  takes  the  place  of  an 
inequality  constraint.  Raising  the  upper  bound,  to  enable  aircraft  to  be  generated, 
is  equivalent  to  relaxing  a  constraint.  Restoring  the  upper  bound  to  its  normal  value 
is  equivalent  to  reinstating  a  constraint. 

The  effect  of  restoring  the  upper  bound  on  IV6  to  its  normal  value  so  as  to  limit 
penetration  into  the  compressible  flow  regime  will  be  considered  next  and  it  will  be  seen 
that  further  growth  of  the  compressibility  drag  fraction  is  inhibited  and  that  the  result¬ 
ing  aircraft  D  exhibits  a  bigger  reduction  of  CLCR  and  a  smaller  reduction  of  S  than  in 
the  case  of  aircraft  Dj.  This  lends  support  to  the  hypothesis  that  the  restraining 
effect  of  increasing  compressibility  drag  fraction  played  a  significant  role  in  retard¬ 
ing  the  continuing  decline  in  the  wing  area  of  successive  aircraft  in  the  sequence.  To 
facilitate  comparisons  with  the  family  that  includes  aircraft  A',  B,  C  and  Di,  the  new 
family  will  include  a  member  C'  which  can  be  generated  by  fixing  the  value  of  IV6  at  the 
value  of  its  upper  bound. 

3.2.3  With  IV6  on  its  upper  bound  (aircraft  designs  C',  D,  E  and  F^) 

It  is  found  that  the  speed  increase  from  aircraft  C’  to  aircraft  D  causes  the  com¬ 
pressibility  drag  fraction  to  rise  from  5.94?  to  6.08?  instead  of  to  6.88?  which  is  the 
value  for  aircraft  Dj. 

The  smaller  compressibility  drag  fraction  of  aircraft  D  compared  with  that  of  air¬ 
craft  at  the  same  cruising  speed  and  Mach  number  is  of  course  due  to  its  more  limited 
penetration  of  the  compressible  flow  regime  under  the  restraining  influence  of  the 
restored  upper  bound  on  IV6.  The  imposition  of  this  upper  bound  results  in  the  following 
changes  between  aircraft  C'  and  D  compared  with  those  found  between  aircraft  C  and  Dj : 

Aircraft  C'  to  D  Aircraft  C  to  D-^ 

Sweep  increases  by  8.2??  6.82? 

TC  reduces  by  6.? 62  5.02? 

CLCR  reduces  by  4.31?  3.53? 

The  mass  at  the  commencement  of  cruise  is  increased  by  0.91?  (of  0.87?)  so  that  aircraft 
D  and  Di  are  practically  identical  in  this  respect. 

Aircraft  D'sbigger  reduction  in  CLCR  is  associated  with  a  smaller  reduction  in  wing 
area  (only  0.01?  compared  with  0.86?). 

As  well  as  the  effects  already  discussed  it  is  interesting  to  observe  that  another 
consequence  of  IV6  encountering  its  upper  bound  is  that  RATING  resumes  a  downward  trend. 

This  is  consistent  with  the  earlier  discussion  of  its  interaction  with  the  constraint  IC1. 
The  increased  wing  area  of  aircraft  D  compared  with  that  of  aircraft  could  be  expected 
to  lead  to  a  reduction  of  RATING  by  making  it  easier  to  comply  with  the  take-off  distance 
requirement.  It  appears  that  the  effect  on  RATING  is  a  secondary  consequence  of  IV6 
encountering  its  upper  bound. 

If  the  cruise  speed  VCR  is  still  further  increased  the  aircraft  designs  evolve 
smoothly  along  their  new  course  until,  at  a  speed  in  between  the  fifth  and  sixth  values 
(ie  between  aircraft  E  and  F) ,  the  inequality  constraint  IC9  becomes  active.  To  facilitate 
detailed  consideration  of  the  effect  of  the  activation  of  this  constraint  as  well  as  to 
establish  more  clearly  the  trend  of  development  when  it  is  not  active  it  will  be  suppressed, 
thus  enabling  an  unconstrained  aircraft  Fj ,  belonging  to  the  same  family  as  D  and  E,  to 
be  generated.  For  present  purposes  the  family  will  be  represented  by  aircraft  C',  £>,  E 
and  F^.  Of  these  four  designs  only  D  and  E  are  optimum  aircraft  generated  by  the  normal 
program.  Aircraft  F^  does  not  comply  with  inequality  constraint  IC9  and  has  a  lower 

direct  operating  cost  than  aircraft  F  which  does  comply  with  the  constraint.  Aircraft  C' 

having  been  generated  with  independent  variable  IV6  fixed  on  its  upper  bound  has  a  higher 

direct  operating  cost  than  aircraft  C  for  which  the  program  was  free  to  optimise  the  value 

of  IV6.  However  aircraft  C'  is  very  similar  to  aircraft  C  whose  optimum  value  of  IV6  is 
very  close  to  the  upper  bound  value.  This  is  a  consequence  of  the  cruise  speed  of  air¬ 
craft  C  and  C'  being  only  marginally  below  the  cruise  speed  for  which  the  optimum  value  of 
IV6  just  equals  the  normal  value  of  the  upper  bound  on  IV6. 

Although  successive  percentage  increments  of  QCR  become  smaller  and  successive 
percentage  increments  of  aircraft  mass  become  larger,  the  increments  of  dynamic  pressure 
continue  to  be  proportionately  greater  than  the  increments  of  aircraft  mass  through  the 
third,  fourth  and  fifth  intervals  (ie  between  aircraft  C',  D,  E  and  Fj).  Consequently 
the  product  of  CLCR  and  S  must  continue  to  fall  (see  first  part  of  following  table). 


Aircraft : 

C' 

D 

E 

?  change  in  interval 

VCR 

+2.70 

+2.63 

+2.56 

QCR 

♦5.47 

+5.32 

+5.18 

MSSCR 

+0.91 

♦1.19 

+1.45 

MSSCR/QCR  <*  CLCR  *  S 

-4.32 

-3.93 

-3.55 

CLCR 

-4.31 

-4.65 

-4.89 

S 

-0.01 

♦0.75 

♦  1.42 

QCR  *  CLCR  «  MSSCR/S 

+0.92 

+0.42 

+0.04 
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However,  with  further  penetration  into  the  compressible  flow  regime  being  restrained  by 
the  upper  bound  on  IV6,  the  increments  of  cruise  Mach  number  that  are  associated  with  the 
increments  in  cruise  speed  result  in  wing  sweep  increasing  more  rapidly  and  TC  and  CLCR 
decreasing  more  rapidly  than  was  the  case  for  the  family  of  aircraft  A',  B,  C  and  D}  con¬ 
sidered  previously. 


Aircraft : 

Compressibility  drag/total  drag  f 

%  change  in  interval 
VCR,  MCR 
SWP 
TC 

CLCR 


C> 

+5.9^ 


D 

+6.08 


E 

+6.24 


+6.42 


+2.70 

+8.22 

-5.26 

-4.31 


+2.63 

+8.35 

-5.51 

-4.65 


+5.56 

*d.8l 

-5.76 

-4.89 


In  the  first  interval  the  reduction  of  MSSCR/QCR  is  almost  entirely  balanced  by  the  reduc¬ 
tion  of  CLCR, and  S  is  very  nearly  constant.  In  the  ensuing  intervals  the  reduction  of 
CLCR  becomes  greater  than  the  reduction  of  MSSCR/QCR  and  consequently  the  wing  area  S  has  to 
increase.  In  the  last  interval  (between  aircraft  E  and  F^)  the  reduction  of  CLCR  almost 
balances  the  increase  in  cruise  dynamic  pressure  QCR,  whilst  the  increase  in  wing  area  S 
almost  balances  the  increase  in  the  mass  at  the  start  of  cruise  MSSCR  (see  last  part  of 
table  at  foot  of  previous  page). 

Although  the  aspect  ratio  decreases  it  does  so  proportionately  less  rapidly  than 
does  CLCR,  and  so  CLCR/A  and  hence  also  induced  drag/weight  continues  to  fall  at  a  rate 
varying  between  0- 95%  in  the  interval  between  aircraft  C'  and  D,  and  0.79 %  in  the  interval 
between  aircraft  E  and  Fj . 

RATING  falls  slowly  but  the  installed  engine  mass  increases  more  rapidly  and  the 
installed  thrust  at  take-off  rating  increases  faster  than  does  take-off  mass.  Consequently 
the  ratio  of  available  thrust/weight  for  take-off  increases.  As  already  shown  the  wing 
area  begins  to  increase  and  in  the  last  interval  (between  aircraft  E  and  )  its  rate  of 
growth  nearly  matches  the  rate  of  growth  of  take-off  mass.  Consequently  although  take-off 
wing  loading  continues  to  increase  its  value  is  nearly  constant  in  the  last  interval.  In 
any  case  the  take-off  thrust /weight  ratio  increases  faster  than  does  the  wing  loading  and 
so  the  take-off  lift  coefficient  required  for  take-off  decreases.  Even  so,  to  compensate 
for  the  effect  of  increasing  sweep  an  increasing  slat  chord  is  required  (see  following 


table) . 

Aircraft : 

C' 

D 

E  Fx 

%  change  in  interval 

MTO 

o. 

+  0.  91 
-0.01 

+1.19 

+0.75 

+  1.45 
+  1.42 

RATING 

Engine  mass 

Take-off  thrust 

-0.23 
+  2.64 
+2.40 

-0.30 
+  2.99 
+  2.68 

-0.33 
+  3.25 
+  2.90 

Take-off  thrust/weight 
Take-off  wing  loading 

+  1.48 
+0.91 

+  1.47 
+0.43 

+  1.42 
+  0.04 

Take-off  lift  coefficient 
Sweep 

Slat  chord  ratio 

-0.43 
+  8.22 
+4.J47 

-0.91 
+  8.35 
+3.86 

-1.25 
+8.81 
+  3.99 

From  aircraft  A  through  aircraft  F^  each  increase  of  cruise  speed  has  resulted  in  wing 
thickness-chord  ratio  decreasing,  and  the  rate  of  decrease  has  accelerated  with  increasing 
cruise  speed  and  Mach  number.  The  particular  design  synthesis  program  used  in  this  study 
incorporates  an  inequality  constraint,  IC9,  which  exercises  an  overriding  control  over 
wing  thickness-chord  ratio  and  excludes  from  consideration  aircraft  with  wings  which  are 

too  thin. 


The  reasons  for  incorporating  such  an  inequality  constraint  are  peripheral  to  the 
subject  of  this  paper  and  it  would  not  be  appropriate  to  discuss  them  in  any  depth.  But 
it  is  perhaps  worth  digressing  to  the  extent  of  mentioning  one  possible  reason  for  such  a 
constraint,  namely,  to  confine  the  search  conducted  by  the  optimisation  program  to  a 
region  in  which  the  methods  embodied  in  the  design  synthesis  may  be  considered  reliable. 

If  such  a  constraint  were  to  be  regularly  activated  it  would  be  necessary  to  consider 
the  desirability  of  improving  the  methods  embodied  in  the  design  synthesis  so  that  its 
range  of  application  could  be  extended  and  the  inequality  constraint  could  then  be 
relaxed.  Before  embarking  on  this  course  however  it  would  be  worth  relaxing  the  constraint 
experimentally  to  explore  the  design  synthesis  model.  The  results  might  suggest  that  the 
optimum  design  is  only  Just  outside  the  confines  of  the  original  search  and  that  the  value 
of  the  objective  function  cannot  be  significantly  improved.  One  possibility  is  that 
another  inequality  constraint  may  be  activated  and  that  this  limits  further  excursions 
from  the  confines  of  the  original  region  perhaps  by  making  them  unprofitable  in  terms  of 
the  value  of  the  objective  function.  In  the  present  instance,  for  example,  further  reduc¬ 
tions  of  wing  thickness  will  at  some  stage  result  in  aircraft  whose  wings  have  internal 
volumes  which  are  too  small  to  accommodate  the  fuel  required  for  maximum  range.  In  the 
design  synthesis  which  produced  the  results  being  examined,  consideration  of  such  air¬ 
craft  would  be  excluded  by  another  inequality  constraint  (IC5)  whose  purpose  is  to 
ensure  that  the  wings  can  accommodate  fuel  tanks  with  sufficient  capacity. 


The  effect  of  reinstating  the  inequality  constraint  IC9  will  be  considered  next. 
Plotting  the  constraint  residuals  (with  XC9  suppressed  if  necessary  to  prevent  its  being 
activated)  shows  that  activation  of  the  inequality  constraint  should  occur  with  aircraft 
cruising  speeds  greater  than  a  value  about  three-quarters  of  the  way  between  the  cruising 
speeds  of  aircraft  E  and  Fj .  To  facilitate  comparisons  with  the  family  which  includes 
aircraft  C',  D,  E  and  F^,  the  new  family  will  include  a  member  E'  which  can  be  generated 
by  making  the  constraint  IC9  an  equality  constraint. 

3.2.4  With  IC9  active  (aircraft  designs  E’,  F,  G,  H  and  J^) 

The  reduction  of  wing  thickness-chord  ratio  in  the  fifth  speed  interval  is  much  less 
than  with  IC9  suppressed.  To  compensate  for  the  smaller  reduction  of  thickness-chord 
ratio  it  is  necessary  for  sweep  to  increase  more  and/or  for  the  reduction  of  CLCR  to  be 
greater.  Changes  between  aircraft  E'  and  F  are  compared  with  changes  between  aircraft  E 
and  F^  in  the  following  table.  ( 

Aircraft  E'  to  F  Aircraft  E  to  F^ 

TC  reduces  by  1.73*  5.76* 

SWP  increases  by  12.89*  8.81* 

CLCR  reduces  by  6.94*  *1.89* 

The  reduction  of  CLCR  between  aircraft  E'  and  F  is  greater  than  the  increase  of  QCR  and 
so  the  increase  of  wing  area  must  be  proportionately  greater  than  the  increase  of  air¬ 
craft  mass,  and  wing  loading  must  be  reduced: 


*  change  in  interval 

Aircraft  E'  to  F 

Aircraft  E  to  F. 

CLCR 

-6.94 

-4.89 

QCR 

+  2.56 

+2 . 56 

MSSCR 

+1.37 

+  1.45 

S 

+  3.58 

♦  1.42 

MTO 

+1.39 

+  1.45 

MTO/S 

-2.11 

+0.04 

The  table  shows  that,  as  a  consequence  of  the  constraint  IC9  being  active,  wing  loading 
begins  to  fall  rather  abruptly. 

This  is  a  reasonable  point  at  which  to  consider  the  shape  of  curves  showing  the 
dependence  of  the  objective  function  on  external  variables  especially  in  the  vicinity  of 
an  event  such  as  when  an  inequality  constraint  changes  its  status  (becomes  active  or 
inactive)  or  when  an  independent  variable  encounters  or  leaves  either  of  its  bounds.  A 
value  of  an  external  variable  which  coincides  with  an  event  will  be  referred  to  as  an 
event  value  (see  Fig  5).  Of  particular  interest  is  the  way  in  which  the  curve  for  all 
legitimate  aircraft  is  composed  of  segments  (each  of  which  corresponds  to  the  legitimate 
segment  of  the  curve  for  one  family  of  aircraft),  and  the  conditions  where  one  segment 
ends  and  another  commences.  This  will  be  illustrated  by  considering  lat  happens  in  the 
fifth  speed  interval  where  the  inequality  constraint  IC9  becomes  active  (an  event).  The 
objective  function  is  direct  operating  cost  and  the  external  variable  is  cruise  speed. 

Fig  5,  which  is  diagrammatic,  illustrates  the  topography  of  an  event  and  how  it  is 
related  to  the  objective  function  curve. 

On  account  of  the  constraint  IC9  being  active  its  residual  is  ideally  zero  for 
every  aircraft  belonging  with  aircraft  E'  and  F  to  the  fourth  family.  The  residual  of 
constraint  IC9,  for  aircraft  belonging  with  aircraft  E  and  F^  to  the  third  family, 
changes  from  being  positive  to  negative  as  the  cruise  speed  is  increased  from  that  of 
aircraft  E  to  that  of  aircraft  F} .  One  member  of  the  family  between  aircraft  E  and  Fj 
has  zero  IC9  residual.  This  aircraft  is  at  an  event  point  and  its  cruise  speed  is  an 
event  value  of  cruise  speed.  As  well  as  being  the  last  (ie  the  highest  cruise  speed) 
legitimate  member  of  the  third  family  it  is  also  the  first  (ie  the  lowest  cruise  speed) 
legitimate  member  of  the  fourth  family  of  aircraft.  This  can  be  tested  by  generating 
additional  aircraft  with  the  appropriate  cruise  speed. 

The  last  member  of  one  segment  is  always  potentially  the  first  member  of  the 
following  segment  (in  the  present  case  the  last  legitimate  member  of  the  third  family  is 
potentially  a  member  of  the  fourth  family  beoause  like  members  of  the  fourth  family  its 
IC9  residual  is  zero).  Exceptionally,  with  another  kind  of  event  which  will  be  discussed 
later,  the  last  aircraft  of  one  segment  is  different  to  the  first  aircraft  of  the  follow¬ 
ing  segment.  Even  in  this  exceptional  case  the  two  aircraft  have  the  same  value  of  objec¬ 
tive  function  and  the  objective  function  versus  external  variable  curve  although  composed 
of  a  series  of  segments  does  not  exhibit  discontinuities  of  value. 

Returning  to  the  particular  example,  the  next  observation  is  that  for  any  value  of 
cruise  speed  in  the  vicinity  of  the  event  value,  whether  greater  or  lesser,  the  direct 
operating  cost  of  the  aircraft  belonging  to  the  fourth  family  cannot  be  less  than,  and 
will  generally  be  greater  than,  that  of  the  aircraft  belonging  to  the  third  family,  since 
a  degree  of  freedom  has  been  lost  in  the  optimisation  of  the  former  aircraft  on  account  of 
constraint  IC9  being  active.  It  follows  that  the  curves  of  direct  operating  cost  for 
the  two  families  do  not  intersect  but  that  they  touch  at  the  event  value  of  the  external 
variable  where  they  share  a  common  tangent . 

The  difference  between  the  values  of  the  objective  function  for  the  two  families  of 
aircraft  is  therefore  an  even  function  of  the  difference  between  the  value  of  the 
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external  variable  and  its  event  value.  It  is  plausible  to  suppose  that  in  the  immediate 
vicinity  of  the  event  value  of  the  external  variable  the  objective  function  difference 
will  vary  approximately  as  the  second  power  of  the  external  variable  difference.  Thus  the 
direct  operating  cost  of  aircraft  E'  should  be  higher  than  that  of  aircraft  E,  and  the 
direct  operating  cost  of  aircraft  P  should  be  higher  than  that  of  aircraft  Fq_.  Moreover, 
since  the  value  of  the  external  variable  for  aircraft  E  and  E'  is  about  three  times  as  far 
removed  from  the  event  value  as  is  the  value  of  the  external  variable  for  aircraft  F^  and 
F,  it  is  to  be  expected  that  the  objective  function  difference  of  aircraft  E  and  E’  will 
be  about  nine  times  as  great  as  for  aircraft  F^  and  F.  In  fact  both  of  these  predictions 
are  realised  in  practice  as  shown  by  the  following: 


Direct  operating  cost  of  aircraft  E' 
Direct  operating  cost  of  aircraft  E 

Direct  operating  cost  of  aircraft  F 
Direct  operating  cost  of  aircraft  F^ 


1.000228 

1.000025 


Direct  operating  cost  difference  for  aircraft  E1  and  E 
Direct  operating  cost  difference  for  aircraft  F  and  F^ 


Having  discussed  in  some  detail  the  case  of  an  inequality  constraint  becoming  active  it  is 
only  necessary  to  point  out  that  the  consequences  of  an  inequality  constraint  becoming 
inactive  may  be  deduced  by  following  the  external  variable  of  the  foregoing  description  in 
the  reverse  direction.  The  consequences  of  an  independent  variable  encountering  either  of 
its  bounds  are  similar  to  the  consequences  of  an  inequality  constraint  becoming  active, 
whilst  the  consequences  of  an  independent  variable  leaving  either  of  its  bounds  are 
similar  to  the  consequences  of  an  inequality  constraint  becoming  inactive. 

If  still  higher  cruise  speeds  are  considered  it  is  found  that  the  aircraft  design 
evolves  smoothly  along  its  latest  course  and  the  fourth  family  of  aircraft  continues 
through  aircraft  G  and  H,  but  in  the  eighth  interval  of  cruising  speed  one  of  the 
independent  variables  (IV9)  encounters  its  upper  bound.  To  establish  more  clearly  the 
trend  were  this  not  to  happen,  and  to  clarify  the  effect  of  the  encounter,  the  bounding 
value  may  be  experimentally  increased,  thus  enabling  the  fourth  family  of  aircraft  to  be 
extended  to  a  member  J^: 


Aircraft : 

F 

G 

H 

%  change  in  interval 

MTO 

S 

+1.69 

+3.26 

+1.95 

+3.06 

+2.16 

+3.18 

RATING 

Engine  mass 

Take-off  thrust 

-0.35 

+2.78 

+2.42 

-0.33 

+3.27 

+2.92 

-0.29 

+3.41 

+3.11 

Take-off  thrust /weight 
Take-off  wing  loading 

+0.72 

-1.52 

+0.95 

-1.07 

+0.93 

-0.99 

Take-off  lift  coefficient 
Sweepback  angle 

Slat  chord  ratio 

-2.15 

+12.32 

+5.50 

-1.93 
+10.53 
+  7.42 

-1.83 
+  8.48 
+7.61 

The  table  comparing  aircraft  F,  G,  H  and  Jj,  shows  that  wing  area  and  take-off  thrust 
increase  more  rapidly  than  take-off  weight  as  cruise  speed  is  increased.  It  follows  that 
wing  loading  falls  whilst  simultaneously  the  thrust-weight  ratio  available  for  take-off 
increases,  and  consequently  the  lift  coefficient  required  at  take-off  decreases.  Even 
so,  the  wing  sweepback  angle  increases  at  such  a  high  rate  that  successive  aircraft 
require  an  increase  in  slat  chord  ratio.  Slat  chord  ratio  is  the  independent  variable 
IV9,  and  the  normal  upper  bound  value  is  attained  at  about  three-tenths  of  the  speed 
interval  between  aircraft  H  and  J^.  The  need  for  enforcing  an  upper  bound  on  the 
independent  variable  IV9  in  the  particular  design  synthesis  which  produced  the  results 
being  examined  is  not  a  primary  concern  of  this  paper.  However,  the  comments  already 
made  concerning  the  need  for  the  inequality  constraint  IC9  are  relevant  to  the  need  for 
an  upper  bound  on  IV9. 

The  effect  of  restoring  the  upper  bound  on  IV9  to  its  normal  value  is  considered 
next.  As  well  as  the  legitimate  aircraft  J,  an  additional  member  H'  of  the  fifth  family 
has  been  generated  by  fixing  the  value  of  slat  chord  ratio  and  making  it  equal  to  the 
upper  bound  value. 

3.2.5  With  IV9  on  its  upper  bound  (aircraft  designs  H'  and  J) 

It  is  found  that  the  speed  increase  from  aircraft  H'  to  aircraft  J  is  accompanied 
by  the  changes  given  in  the  following  table.  The  corresponding  changes  between  aircraft 
H  and  aircraft  Ji  are  also  listed  in  the  table  for  comparison 


i 
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Aircraft  H’  to  J 


Take-off  lift  coefficient  decreases  by  3-27% 
Sweepback  angle  increases  by  6.42% 
Take-off  mass  increases  by  2.18? 
Wing  area  increases  by  4.79% 
Take-off  thrust  increases  by  3.10? 
Engine  mass  increases  by  1.12% 
RATING  decreases  by  0.60? 


Aircraft  H  to 

1.83* 

8.48* 

2.16* 

3.18* 

3.11* 

3.41* 

0.29* 


Take-off  thrust/weight  increases  by  0.89*  0.93* 

Take-off  wing  loading  decreases  by  2.49*  0.99* 


It  can  be  seen  that  there  is  a  bigger  loss  of  take-off  lift  coefficient  despite  a  smaller 
increase  of  sweepback  angle.  The  increase  of  take-off  mass  is  greater  but  only  slightly 
so.  Adverse  effects  on  take-off  performance  are  compensated  by  a  greater  increase  in 
wing  area.  It  is  interesting  to  see  that  although  the  increase  in  the  thrust  available 
for  take-off  is  hardly  affected  it  is  produced  by  relatively  bigger  engines.  These  are 
required  to  enable  the  specified  net  ceiling  to  be  attained  with  an  engine  failed.  The 
engines  are  rerated  to  reduce  take-off  thrust  to  the  level  required  and  to  avoid  the 
penalty  of  a  bigger  fin. 


This  concludes  the  detailed  examination  of  the  set  of  results  for  cruising  height 
HCR1.  It  has  been  included  in  the  paper  to  indicate  how  MV0  results  may  be  scrutinised 
and  how  an  MV0  program  can  be  used  to  produce  a  clear  picture  of  the  implications  of  the 
model.  It  would  of  course  have  been  possible  to  examine  the  results  in  much  greater 
detail  if  that  had  been  desired. 

Fig  6  summarises  the  events  and  also  shows  the  families  of  related  results  already 
discussed.  It  shows  how  the  families  overlap  one  another,  also  a  system  of  notation  which 
may  be  used  to  designate  the  members  of  families,  ie  with  a  prime  to  indicate  members  to 
one  side  of  the  legitimate  ones  and  a  suffix  to  denote  members  to  the  other  side  of  the 
legitimate  ones.  Clearly  this  event  table  could  have  been  constructed  from  a  cursory 
examination  of  the  original  nine  optimisations  and  would  have  indicated  very  clearly 
what  additional  optimisations  were  required  to  extend  the  families  beyond  their  legitimate 
span  to  produce  overlapping  results. 


If  the  results  for  any  chosen  quantity  were  to  be  plotted  versus  cruising  speed  (the 
external  variable)  the  curve  for  all  the  legitimate  results  would  be  found  to  consist  of 
a  number  of  segments,  each  of  which  would  correspond  to  the  legitimate  segment  of  the 
curve  for  a  particular  family.  In  the  present  case,  legitimate  curves  for  variables 
other  than  the  objective  function  exhibit  discontinuities  of  slope  at  the  event  points 
where  the  curves  for  two  families  intersect.  The  curve  for  the  objective  function  is 
better  behaved,  the  curves  for  each  pair  of  families  being  tangential  at  the  event  points 
where  they  meet  so  that  the  slope  of  the  curve  of  (legitimate)  results  is  continuous. 

But  this  is  not  always  the  case  as  will  appear  presently. 


3.3  Examination  of  the  sequence  of  aircraft  designs  for  the  greater  cruising  height  HCR2 


Optimum  designs  were  generated  for  the  nine  equally  spaced  values  of  cruising  speed 
already  adopted  for  the  aircraft  with  lower  cruising  height.  Fig  7  is  an  event  table 
based  on  a  survey  of  the  results.  In  the  event  table  for  the  lower  cruising  height  HCR1 
(Fig  6)  none  of  the  speed  intervals  contained  more  than  one  event,  but  in  the  table  for 
HCR2  there  is  a  speed  interval  that  contains  two  events,  namely  interval  E-F  where  an 
independent  variable  leaves  its  upper  bound  and  an  inequality  constraint  becomes  active. 
These  two  events  could  be  separate  events  occurring  at  different  speeds  within  the  same 
speed  interval,  but  it  is  also  possible  that  they  may  be  a  double  event,  ie  they  may 
occur  together  at  the  same  speed.  An  attempt  could  be  made  to  determine  whether  the  two 
events  are  separate  or  not  by  subdividing  the  speed  interval,  or,  more  generally,  the 
interval  in  the  external  variable,  into  smaller  parts  and  generating  additional  optimum 
designs  at  the  new  speeds.  Using  this  procedure  it  may  be  possible  to  establish  either 
that  the  events  are  separate,  or  else  that  the  separation  between  them  is  so  small  that, 
for  practical  purposes,  they  can  be  regarded  as  a  double  event.  The  stage  at  which  the 
attempt  to  separate  events,  which  have  already  been  shown  to  be  quite  close  to  one 
another,  should  be  terminated,  depends  on  the  circumstances  of  the  particular  case.  But 
in  some  instances,  even  when  the  separation  between  two  events  is  very  small,  valuable 
enlightenment  may  be  gained  from  the  discovery  that  one  event  precedes,  and  perhaps  also 
triggers,  the  other.  However  in  the  case  of  the  events  in  the  interval  E-F  an  examina¬ 
tion  of  the  results  reveals  an  additional  complication  on  account  of  which  it  is  more 
difficult  to  locate  the  events  as  closely  as  might  be  desired.  To  understand  the  nature 
of  this  difficulty  it  is  necessary  to  reconsider  what  happens  in  the  vicinity  of  an  event 


The  values  of  the  objective  function  for  adjoining  families  of  designs  are  equal  at 
the  event  point  which  coincides  with  the  last  legitimate  design  of  one  family  and  the 
first  legitimate  design  of  the  next  family.  However,  for  the  kind  of  events  discussed 
earlier,  where  one  design  is  common  to  both  families  at  the  event  point,  the  curves  of 
objective  function  versus  external  variable  for  the  two  families  do  not  intersect  but  are 
tangential  to  one  another  at  the  event  point.  Consequently  the  construction  of  such 
curves  is  not  an  altogether  satisfactory  way  of  locating  such  an  event  point.  A  more 
satisfactory  method  is  to  construct  the  curves  for  the  affected  independent  variable,  or, 
in  the  case  of  an  inequality  constraint,  the  constraint  residual,  versus  the  external 
variable  since  these  curves  for  the  two  families  of  designs  actually  intersect  at  the 
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event  point  and  so  locate  its  position  with  greater  certainty.  Adopting  this  course  for 
the  speed  interval  E-F  discloses  a  new  state  of  affairs.  The  curves  do  not  intersect. 
There  must  therefore  be  a  jump  in  value  at  the  event  point  whose  position  can  only  be 
located  by  finding  the  value  of  the  external  variable  where  the  value  of  the  objective 
function  is  the  same  for  both  families  of  designs.  The  curves  of  objective  function 
versus  external  variable  for  the  adjacent  families  of  designs  are  not  generally  tangen¬ 
tial  to  one  another  at  this  kind  of  event  point  where  the  adjacent  families  of  designs  do 
not  share  a  common  member.  Instead,  they  are  likely  to  intersect.  However,  the  inter¬ 
section  may  be  a  very  shallow  one,  in  which  case  the  location  of  the  event  point  will  be 
only  poorly  defined.  For  this  reason,  the  prospect  of  demonstrating  that  two  events  that 
are  close  to  one  another  are  separate  events  and  not  a  double  event  is  diminished. 

Since  for  the  new  kind  of  event  the  last  legitimate  design  of  one  family  differs 
from  the  first  legitimate  design  of  the  next  family,  ie  the  adjacent  designs  at  the  event 
point  are  not  identical,  it  could  be  expected  that  they  may  differ  from  one  another  in 
many  respects  and  that  there  may  be  a  jump  in  the  value  of  many  of  the  independent  and 
dependent  variables  including  the  constraint  residuals.  There  is  therefore  a  likelihood 
that  an  event  involving  jumps  may  be  a  double  or  even  a  multiple  event.  Consequently  if 
the  event  table  discloses  that  two  or  more  events  lie  within  one  interval  of  the  external 
variable  the  possibility  should  be  considered,  not  only  that  they  may  constitute  a  double 
or  multiple  event,  but  also  that  they  may  constitute  a  double  or  multiple  event  involving 
jumps.  But  jumps  will  not  show  up  at  all  in  the  event  table  unless  they  result  in  an 
independent  variable  being  taken  onto  or  off  one  of  its  bounds,  or  unless  they  result  in 
an  inequality  constraint  becoming  active  or  inactive. 

The  probability  of  jumps  occurring  tends  to  increase  with  the  complexity  of  the 
model.  But  the  greater  the  complexity  of  the  model,  the  more  independent  variables  and 
inequality  constraints  it  is  likely  to  include  and  so  the  more  likely  it  is  that  a  jump 
will  result  in  an  event  of  the  kind  that  appears  in  the  event  table.  Nevertheless  the 
possibility  exists  that  there  may  be  hidden  events  which  are  of  the  new  kind  discussed 
above  but  which  do  not  result  in  any  independent  variable  encountering  or  leaving  abound, 
or  in  any  inequality  constraint  being  activated  or  inactivated.  This  is  a  disturbing 
prospect,  but  there  is  some  comfort  in  the  realisation  that  the  likelihood  that  an  event 
involving  jumps  will  remain  hidden  is  related  to  the  size  of  the  jumps  themselves,  and 
that  events  involving  large  jumps  are  less  likely  to  remain  hidden  than  events  involving 
only  small  jumps. 

The  kind  of  topography  that  gives  rise  to  a  hidden  event  is  depicted  in  the  map  at 
the  top  of  Fig  8.  To  construct  such  a  map  the  results  of  normal  optimisations  at  a 
number  of  values  of  the  external  variable  would  be  combined  with  the  results  of  additional 
optimisations  at  a  network  of  values  of  the  external  variable  and  the  independent 
variable,  the  latter  also  being  treated  as  an  external  variable  for  the  purpose.  Thus  a 
considerable  volume  of  work  is  entailed.  The  construction  of  such  a  map  is  an  interest¬ 
ing  exercise,  but  its  only  purpose  is  to  build  up  confidence  in,  and  also  to  develop  a 
feel  for,  the  optimisation  process,  and  it  would  not  normally  be  undertaken  in  an  MVO 
study.  These  comments  also  apply  to  the  other  maps  that  will  be  discussed.  At  the 
lowest  values  of  the  external  variable  shown  in  the  figure  there  is  one  family  of  optimum 
designs  denoted  'family  n'.  At  a  somewhat  higher  value  of  the  external  variable  a  second 
family  of  optimum  designs,  denoted  'family  n+1',  appears  and  coexists  with  the  original 
family  n.  At  a  still  higher  value  of  the  external  variable  family  n  dies  out  and  family 
n+1  remains  on  its  own.  At  the  event  value  of  the  external  variable  the  optimum  designs 
of  both  families  have  equal  values  of  objective  function.  The  range  of  values  of  the 
external  variable  where  the  two  families  of  designs  coexist  is  a  region  of  suboptima. 

At  values  of  the  external  variable  within  the  region  of  suboptima  but  below  the  event 
value  the  designs  of  family  n+1  are  suboptimum  designs.  Within  the  region  of  suboptima 
but  above  the  event  value  the  designs  of  family  n  are  suboptimum  designs.  The  behaviour 
of  the  objective  function  is  shown  in  the  middle  section  of  Fig  8. 

An  optimisation  at  a  value  of  the  external  variable  within  the  region  of  suboptima 
may  generate  a  design  of  either  family  and  consequently  a  suboptimum  design  may  be 
produced.  In  practice  MVO  programs  seem  to  exhibit  a  preference  for  one  or  the  other  of 
the  families  of  designs  and,  if  optimisations  are  performed  at  a  sequence  of  values  of  the 
external  variable  within  the  region  of  suboptima,  the  designs  generated  switch  from  one 
family  to  the  other  at  a  value  of  the  external  variable  that  differs  from  the  event  value. 
This  is  depicted  in  the  lower  part  of  Fig  8.  The  characteristic  shape  of  this  figure  is 
worth  bearing  in  mind  when  examining  plots  of  values  of  the  objective  function  versus  an 
external  variable  since  it  may  lead  to  the  detection  of  a  hidden  event.  A  suboptimum 
value  of  the  objective  function  may  only  differ  from  the  true  optimum  value  by  a  small 
amount,  but  relatively  bigger  errors  may  be  experienced  in  the  values  of  the  independent 
and  dependent  variables  if  a  suboptimum  design  is  not  recognised  as  such. 

An  event  involving  a  jump  to  a  bound  is  illustrated  in  Fig  9.  The  map  in  the  upper 
half  of  the  figure  depicts  the  topography  for  an  independent  variable  that  encounters  its 
upper  bound,  whilst  the  map  in  the  lower  half  of  'he  figure  depicts  the  topography  for 
one  of  the  other  independent  variables.  Both  maps  relate  to  the  same  event,  and  contain 
the  same  optimum  and  suboptimum  designs  at  the  same  values  of  the  external  variable. 

Both  maps  would  be  constructed  by  the  method  already  described  in  connection  with  Fig  8 
and  if  it  were  not  for  the  bound  their  topography  would  resemble  that  of  Fig  8.  The 
imposition  of  the  bound  directly  limits  the  size  of  the  jump  of  the  independent  variable 
it  acts  on.  It  also  changes  the  location  of  the  jump,  ie  it  changes  the  event  value, 
and  the  range  of  values  of  the  external  variable  within  which  suboptimum  designs  exist. 
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In  addition  it  exercises  a  restraining  influence  on  the  size  of  the  jump  of  the  other 
independent  variables  as  indicated  on  the  lower  map. 

For  every  point  on  the  lower  map  there  is  an  optimum  value  of  the  independent 
variable  of  the  upper  map,  and  so  contours  showing  the  optimum  values  of  the  upper  map 
independent  variable  could  be  superimposed  on  the  lower  map.  One  such  contour  must  there¬ 
fore  correspond  to  the  value  of  the  upper  bound  imposed  on  the  upper  map  independent 
variable.  This  contour  divides  the  lower  map  into  two  zones  and  may  be  called  a  zone 
frontier.  In  one  zone  the  imposition  of  the  upper  bound  has  no  effect  since  the  optimum 
values  of  the  upper  map  independent  variable  are  everywhere  less  than  the  bound  value. 

In  the  other  zone  though,  a  new  set  of  optimum  designs  are  required  that  do  not  violate 
the  upper  bound.  Since  a  degree  of  freedom  has  been  lost  the  new  optimum  designs 
inevitably  have  larger  values  of  objective  function  and  this  shows  in  the  new  objective 
function  contours.  These  new  contours  merge  smoothly  with  the  original  contours  for  the 
zone  at  the  frontier  between  the  two  zones,  and  hence  they  merge  into  the  unchanged 
contours  of  the  other  zone,  ie  the  values  and  slopes  are  equal  on  either  side  of  the 
frontier. 

The  map  for  a  jump  event  in  which  an  inequality  constraint  is  activated  is  similar 
to  the  lower  map  in  Fig  9.  In  such  a  case  one  of  the  zones  would  correspond  to  the 
inequality  constraint  being  active  (zero  constraint  residual)  and  the  other  zone  would 
correspond  to  the  inequality  constraint  being  inactive  (positive  constraint  residual). 

A  detailed  study  has  not  been  undertaken  to  determine  whether  or  not  the  two  events 
in  the  interval  E-F  are  separate  events,  but  it  appears  probable  that  they  are  not 
separate  and  that,  at  least  for  practical  purposes,  they  may  safely  be  regarded  as  a 
double  event.  There  is  certainly  an  event  in  the  interval  that  involves  jumps  and  this 
supports  the  view  that  the  two  events  are  combined.  The  topography  for  such  an  event  is 
more  complex  than  those  depicted  in  Figs  8  and  9.  The  map  for  the  independent  variable 
that  leaves  its  bound  would  have  two  zones,  with  a  frontier  where  the  inequality  constraint 
changes  between  being  inactive  and  being  active.  The  map  for  any  of  the  other  independent 
variables  would  have  two  frontiers,  one  associated  with  the  inequality  constraint  and  one 
with  the  bound.  The  latter  maps  would  therefore  have  at  least  three  zones,  and  even  more 
if  the  frontiers  were  to  intersect. 

The  double  event  in  the  interval  E-F  appears  not  to  be  the  only  event  involving  a 
jump.  The  event  in  the  interval  G-H  also  exhibits  a  jump  though  only  a  weak  one.  The 
events  in  the  intervals  A-B  and  C-D  are  of  the  kind  already  discussed  in  connection  with 
the  aircraft  designed  for  the  lower  cruising  height  HCR1. 

3.4  The  effect  of  designing  for  cruising  height  HCR2  instead  of  for  cruising  height  HCR1 

Having  analysed  the  results  for  the  two  cruising  heights  HCR1  and  HCR2  separately, 
it  is  possible  to  construct  curves  through  the  sets  of  points  showing  the  effect  of  the 
increase  of  altitude  on  direct  operating  cost  (ADOC),  take-off  mass  (AMTO),  take-off  wing 
loading  (AWLD),  take-off  span  loading  (a(WLD/A)),  and  engine  mass  (AMENG),  which  were 
originally  plotted  in  Fig  2.  It  was  the  irregularities  exhibited  by  some  of  these  sets 
of  points  that  engendered  some  perplexity  about  the  MVO  results,  or,  alternatively,  mis¬ 
givings  about  their  accuracy,  and  provided  an  incentive  for  the  detailed  analysis  that  has 
been  undertaken.  This  analysis  has  disclosed  a  number  of  what  have  been  termed  'events' 
with  which  are  associated  various  kinds  of  discontinuities,  namely,  discontinuities  of 
curvature  or  possibly  of  slope  in  plots  of  the  objective  function,  and  discontinuities  of 
slope  or  even  of  value  in  the  case  of  the  other  variables.  These  discontinuities,  which 
are  the  visible  consequences  of  the  events,  explain  the  seeming  irregularities  to  be  seen 
in  some  of  the  sets  of  points.  Fig  10  lists  the  events  in  the  order  in  which  they  occur 
as  cruising  speed  is  increased,  gives  their  approximate  locations,  and  indicates  where 
jumps  may  be  found.  The  curves  showing  how  the  increments  in  direct  operating  cost  (ADOC), 
take-off  mass  (AMTO),  take-off  wing  loading  (AWLD),  take-off  span  loading  (A(WLD/A)),  and 
engine  mass  (AMENG)  vary  with  cruise  speed  VCR,  each  with  the  original  set  of  nine  points, 
are  contained  in  Fig  11.  Results  from  the  extended  families  of  designs  were  used  to  plot 
additional  points  used  in  the  construction  of  the  curves,  but  these  points  have  been 
removed  from  the  figure  presented,  and  the  curves  themselves  have  been  cut  back  so  that 
the  figure  does  not  contain  information  relating  to  any  designs  that  are  not  legitimate 
ones.  No  extrapolation  was  involved  in  drawing  any  of  the  segments  of  the  curves. 

The  curves  in  Fig  1"  display  more  features  than  would  normally  be  the  case.  Being 
the  difference  between  two  sets  of  results  means  that  each  curve  is  likely  to  include  double 
the  number  of  discontinui' ies ,  but  also,  because  each  of  the  plotted  values  is  the 
relatively  small  difference  of  two  large  quantities,  the  discontinuities  are  far  more 
pronounced  than  they  woulc  otherwise  be.  For  the  same  reason  any  random  errors  in  the 
results  would  also  be  easier  to  discern.  In  fact,  no  scatter  was  perceptible  in  the  com¬ 
plete  sets  of  results,  including  the  results  for  the  illegitimate  designs  generated  to 
extend  the  families  of  legitimate  designs. 

The  results  support  the  view  that  by  using  an  MVO  program  it  is  possible  to  generate 
aircraft  designs  that  accurately  reflect  the  characteristics  of  the  model  employed  in  the 
MVO  program.  The  challenge  therefore  is  to  create  models  which  are  sufficiently  realistic 
for  the  purposes  they  are  intended  to  serve.  It  can  be  asserted  with  confidence  that  it 
is  already  possible  to  cres  e  models  that  are  adequate  for  many  useful  applications  of 
MVO,  and  it  is  to  be  expected  that,  in  the  course  of  time,  further  advances  will  enable 
the  development  of  MVO  programs  for  use  in  a  broader  field  of  applications. 


4-18 


4  APPLICATIONS  FOR  MVO  PROGRAMS 

Having  described  the  essentially  dual  nature  of  an  MVO  program  (model  plus  optimisa¬ 
tion  method),  and  having  considered  some  techniques  for  exploiting  this  duality  (making 
use  of  the  optimisation  method  to  explore  the  model),  it  remains  to  discuss  applications 
for  MVO  programs.  The  possibility  to  use  an  MVO  program  in  the  earliest  stages  of  the 
consideration  of  a  new  aircraft  design  was  mentioned  in  the  introduction.  In  this 
application  the'  MVO  program  serves  to  provide  an  embryo  aircraft  design  which  can  be 
taken  as  the  starting  point  for  more  detailed  investigations.  In  addition,  by  providing 
consistent  and  extensive  information  about  the  consequences  of  making  changes  to  the  per¬ 
formance  requirements,  it  may  assist  designers  to  evolve  aircraft  designs  which,  by 
appealing  to  more  operators,  offer  the  prospect  of  sales  in  greater  numbers  and  conse¬ 
quently  increase  th4  probability  of  success.  Opportunities  such  as  these  for  the  use  of 
MVO  programs  by  aircraft  designers  are  surely  easy  enough  to  identify  and  so  there  is  little 
need  to  discuss  them  here.  instead,  the  use  of  MVO  programs  in  studies  undertaken  with 
the  specific  aim  of  helping  t»o  establish  the  best  combination  of  performance  requirements 
for  a  particular  aircraft'  operator  will  be  considered.  This  application  is  of  some 
interest  to  major  airlines  but  the  need  is  greater  in  the  framing  of  requirements  for 
military  aircraft.  For  this  reason  much  of  the  ensuing  discussion  will  be  based  on  a 
study  relating  to  a  possible  military  requirement. 

It  has  been  implied  that  it  is  more  difficult  to  decide  on  the  requirements  for  a 
new  military  aircraft  than  it  is  to  specify  the  requirements  for  a  new  civil  transport 
aircraft.  It  is  certain  that,  at  least  in  some  respects,  the  formulation  of  a  model 
for  military  aircraft  presents  greater  difficulties  than  does  the  formulation  of  a  model 
for  civil  transport  aircraft.  The  diversity  of  military  tasks  gives  rise  to  a  great 
variety  of  aircraft  configurations  including  aircraft  with  variable  sweep  as  well  as 
other  forms  of  variable  geometry,  and  also  aircraft  with  provision  for  deflecting  the 
thrust  of  their  engines.  Of  course  a  model  may  be  formulated  to  deal  with  only  one  type 
of  configuration.  Even  so  it  may  have  to  take  into  account  the  carriage  of  stores 
externally,  possibly  only  on  certain  missions,  and  even  then  only  during  part  of  the 
flight  if  the  store  is  released.  Packaging,  that  is  to  say  the  positioning  of  the  crew, 
all  of  the  equipment,  the  power  plant  and  the  fuel  in  acceptable  locations,  and  the 
definition  of  an  envelope  shape  that  will  enclose  them  all,  is  more  complicated  than  for 
a  civil  transport  aircraft.  The  range  of  flight  conditions  that  has  to  be  considered  is 
greater  extending  well  into  the  supersonic  regime  and  including  high  'g' manoeuvres .  And 
the  range  of  engine  operating  conditions  is  broader,  including  performance  with  and  with¬ 
out  reheat.  On  account  of  factors  such  as  these  the  MVO  program  used  in  the  example  to  be 
discussed  embodies  a  model  which  is  in  some  respects  more  complex  than  that  embodied  in 
the  transport  aircraft  MVO  program  that  produced  the  results  used  in  the  last  section  of 
the  paper.  But  in  other  respects  the  model  is  simpler  and  it  is  formulated  with  a  smaller 
number  of  independent  variables.  The  same  optimisation  method  is  employed  in  both 
programs. 

The  requirement  to  which  the  program  has  been  applied  is  for  a  strike  aircraft.  The 
sortie  involves  take-off  and  climb  to  a  moderate  altitude  where  the  aircraft  cruises  at 
an  economical  speed  before  descending  to  commence,  at  a  specified  radius,  a  low-level 
high-speed  (subsonic)  dash  to  the  target  area.  The  distance  penetrated  in  this  dash  is 
treated  as  an  external  variable.  On  reaching  the  target  area  the  aircraft  commences  a 
search  which  is  allowed  for  by  flight  at  a  specified  speed  and  normal  acceleration  for  a 
specified  period  of  time  after  which  the  aircraft  is  assumed  to  release  its  weapons.  The 
aircraft  then  repeats  the  stages  of  its  outward  flight  but  in  reverse  order,  commencing 
with  the  low-level  high-speed  dash  followed  by  climb,  economical  cruise,  descent,  and 
landing  at  the  base  from  which  it  started.  Reheat  is  not  employed  in  the  basic  mission. 

The  thrust  available  during  the  dash  out  and  back,  and  during  the  search,  is  limited  to  the 
maximum  dry  thrust  of  the  engines.  All  of  the  fuel  required  for  the  complete  sortie 
(including  reserves)  is  to  be  carried  internally.  The  objective  function  chosen  for  the 
study  is  aircraft  unit  production  cost. 

Some  results  from  the  study  are  shown  in  Figs  12  to  15  which  contain  curves  relating 
unit  production  cost,  engine  size,  wing  area,  and  fuel  used  to  the  penetration  distance. 

The  curves  labelled  A  are  for  aircraft  which  have  only  to  fulfil  the  basic  sortie  require¬ 
ment.  Among  the  complete  results  for  these  aircraft  is  information  on  their  airfield 
performance.  A  perusal  of  this  information  suggests  that  a  better  standard  of  airfield 
performance  is  desirable  to  enable  operations  from  short  runways  or  from  usable  sections 
of  longer  runways  that  have  been  damaged  by  enemy  action.  The  curves  labelled  B  are  for 
aircraft  which,  as  well  as  fulfilling  the  requirements  of  the  basic  sortie,  comply  with 
upper  limits  imposed  on  their  take-off  and  landing  distances,  the  use  of  reheat  being 
permitted  during  take-off.  It  was  necessary  to  introduce  two  additional  inequality  con¬ 
straints  to  limit  the  take-off  and  landing  distances  which,  as  the  model  is  formulated, 
are  both  dependent  variables.  For  the  aircraft  with  the  shortest  penetration  distances 
the  inequality  constraint  concerned  with  landing  distance  was  active  but  for  the  rest  of 
the  designs  generated  this  constraint  was  inactive  and  the  constraint  concerned  with 
take-off  distance  was  active  instead.  The  event  where  the  status  of  these  two  inequality 
constraints  changes  is  shown  most  clearly  by  the  slope  discontinuity  near  the  left-hand 
end  of  the  curve  labelled  B  in  Fig  14.  Clearly  it  would  be  possible  to  consider  more 
than  one  level  of  airfield  performance,  and  instead  of  one  family  of  designs  several 
families  of  designs  could  be  generated.  Then,  instead  of  one  curve  B  in  each  figure, 
there  would  be  a  separate  curve  for  each  family  of  aircraft  designs,  ie  one  for  each 
specified  level  of  airfield  performance.  A  decision  on  the  level  of  airfield  performance 
to  be  demanded  in  the  ultimate  requirement  could  then  be  taken  with  the  benefit  of  an 
indication  of  the  likely  consequences  in  terms  of  aircraft  unit  production  cost. 
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It  could  be  of  interest  to  determine  the  consequences  of  broadening  the  requirement 
so  that  it  would  result  in  an  aircraft  capable  of  fulfilling  other,  possibly  subsidiary, 
roles.  The  curves  labelled  C  show  the  effect  of  adding  a  requirement  that  the  clean  air¬ 
craft  should  be  capable  of  attaining  a  specified  high  speed  in  level  flight  at  a  specified 
high  altitude.  The  values  of  speed  and  altitude  could  be  chosen  to  ensure  a  reasonable 
escape  and  pursuit  capability.  The  formulation  of  the  model  is  such  that  the  altitude 
could  be  entered  as  data  but  because  attainable  speed  is  a  dependent  variable  a  further 
inequality  constraint  is  required.  The  results  show  that,  for  the  particular  combination 
of  speed  and  altitude  considered,  the  inequality  constraint  is  not  active  if  only  a  short 
penetration  distance  is  required.  This  means  that  the  low  penetration  distance  aircraft 
associated  with  the  curves  labelled  B  are  capable  of  fulfilling  the  additional  requirement. 
The  curves  labelled  D  and  E  show  the  effect  of  adding  requirements  first  for  a  high  specific 
excess  power  at  an  intermediate  altitude,  which  would  enable  the  aircraft  to  climb  rapidly 
for  interception,  and  then,  in  addition,  for  a  high  sustained  rate  of  turn  at  a  high 
altitude  and  a  specified  speed,  which  would  ensure  some  desired  level  of  manoeuvrability 
for  air  combat.  Between  them,  the  additional  requirements  involved  in  going  from  the 
curve  labelled  B  to  the  curve  labelled  E  involve  specifying  the  values  of  seven  quantities. 
These  could  all  be  treated  as  external  variables  to  generate  more  information  which  could 
be  of  assistance  in  determining  the  best  set  of  requirements.  However  another  approach 
may  be  followed. 

As  a  general  rule,  a  good  principle  to  adopt  in  MVO  studies  is  to  allow  the  optimi¬ 
sation  method  as  much  freedom  as  possible  to  find  the  optimum  solution.  An  example  of  the 
benefit  that  may  be  derived  will  be  given.  It  is  possible  to  define  a  parameter  which  is 
a  good  overall  measure  of  the  air  combat  capability  of  an  aircraft.  Several  such  para¬ 
meters  have  been  defined  and  used.  They  are  all  functions  of  such  quantities  as  specific 
excess  power,  sustained  rate  of  turn,  and  maximum  instantaneous  rate  of  turn  under  defined 
conditions  of  altitude  and  speed.  Two  aircraft  having  equal  values  of  such  a  parameter 
would  be  expected  to  be  more  or  less  equally  matched  in  combat  with  one  another.  Adopting 
one  such  parameter  it  was  found  that  all  of  the  aircraft  designs  corresponding  to  the  curves 
labelled  E  in  Figs  12  to  15  have  practically  the  same  value.  This  is  not  too  surprising 
since  the  aim  in  generating  these  aircraft  was  to  give  them  an  equal  air  combat  capability. 
However,  the  aircraft  were  generated  specifying  a  minimum  level  for  both  specific  excess 
power  and  sustained  rate  of  turn,  under  defined  conditions,  by  means  of  two  inequality 
constraints.  A  further  set  of  designs  was  generated  replacing  these  two  inequality  con¬ 
straints  by  one  which  was  used  to  stipulate  that  the  aircraft  designs  could  attain  a 
minimum  level  of  the  selected  air-combat  parameter  equal  to  that  attainable  by  the  air¬ 
craft  associated  with  the  curves  labelled  E.  The  curves  labelled  F  are  for  the  resulting 
aircraft,  which  have  the  same  level  of  air  combat  capability  as  do  the  aircraft  associated 
with  the  curves  labelled  E,  but  lower  unit  production  costs.  By  using  the  air  combat  para¬ 
meter,  instead  of  using  specific  excess  power  and  sustained  rate  of  turn,  unit  production 
cost  is  cut  by  an  amount  varying  between  3JJ5  at  the  shortest  penetration  distance  and  7% 
at  the  longest  penetration  distance.  This  advantageous  result  was  possible  because  the 
optimisation  method  was  free  to  explore  the  various  possibilities  presented  to  it  by  the 
air  combat  parameter,  trading  between  the  various  quantities  embodied  in  it,  instead  of 
being  tied  to  the  attainment  of  fixed  values  of  two  quantities  which  yield  the  same  air 
combat  capability. 

In  a  study,  like  the  strike  aircraft  study,  where  the  object  is  to  investigate  the 
consequences  of  various  requirements,  attention  would  be  focussed  on  the  value  of  the 
objective  function  rather  than  on  the  details  of  the  aircraft  generated  in  the  study. 

However  other  interesting  information  may  be  contained  in  the  rest  of  the  results  which 
should  not  be  completely  neglected.  Giving  the  strike  aircraft  an  air  combat  capability 
increases  the  unit  production  cost  (the  objective  function)  by  about  7%  in  this  particular 
instance  (see  Fig  12).  But  Fig  15  shows  that  it  would  also  increase  the  fuel  used  in  the 
strike  role  by  between  8%  and  16%  which  could  be  an  important  drawback  from  a  logistics 
point  of  view.  But,  of  course,  fuel  consumption  as  such  is  not  within  the  compass  of 
the  objective  function  used  in  the  study.  This  suggests  that  insufficient  emphasis  may 
have  been  placed  on  the  importance  of  keeping  down  fuel  consumption,  and  points  to  a 
possible  shortcoming  in  the  objective  function  used  in  the  study.  Observations  such  as 
this  can  lead  to  the  development  of  improved  objective  functions. 

The  broadening  of  the  strike  aircraft  requirement  to  include  additional  requirements 
giving  a  measure  of  air  combat  capability  is  a  simple  example  of  a  promising  field  of 
application  for  MVO  methods,  namely  to  study  the  penalty  incurred  by  combining  various 
roles.  The  advantages  of  multi-role  aircraft  are  not  difficult  to  appreciate  and  they 
have,  of  course,  been  recognised  for  many  years.  It  may  be  possible  to  combine  some  roles 
with  only  minor  consequences  but  other  combinations  of  roles  may  involve  conflicting 
requirements  and  consequently  a  heavy  penalty  may  be  incurred.  Whilst  it  may  be  possible 
to  judge  when  a  serious  conflict  may  arise,  to  quantify  the  penalty  is  not  so  easy  and  the 
use  of  an  MVO  program  to  investigate  the  various  possibilities  could  be  beneficial. 

The  small  number  of  events  displayed  in  the  results  of  the  strike  aircraft  study 
appears  remarkable  when  compared  with  the  many  events  that  occurred  in  the  transport  air¬ 
craft  study  results  considered  in  the  previous  section  of  the  paper.  The  following  dis¬ 
cussion  arises  from  the  observation.  Some  requirements  may  be  specified  precisely  but 
there  are  generally  others  that  specify  the  attainment  of  a  minimum  level  without  exclud¬ 
ing  a  margin  of  over-attainment.  Some  examples  of  the  former  type  of  requirement  taken 
from  the  transport  and  strike  aircraft  studies  are  cruising  speed,  cruising  height,  pay- 
load  and  stage  length,  dash  speed,  dash  altitude,  stores  load  and  penetration  distance. 
Examples  of  the  type  of  requirement  in  which  a  margin  of  over-attainment  is  not  excluded 
are  take-off  field  length,  specific  excess  power,  and  sustained  turn  rate.  The  latter 
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type  of  requirement  is,  of  course,  applied  by  means  of  an  inequality  constraint.  An 
optimum  design  usually  has  at  least  one  active  inequality  constraint  but  probably  also 
has  several  inactive  inequality  constraints.  An  inequality  constraint  that  is  inactive 
is  associated  with  a  margin  of  over-attainment  the  existence  of  which  may  confer  some 
advantage  on  the  aircraft,  though  any  such  advantage  is  not  taken  into  account  in  its 
value  of  objective  function.  However,  if  a  way  could  be  found  to  reduce  or  even  eliminate 
the  margin  of  over-attainment  it  might  be  possible  to  improve  (ie  reduce)  the  objective 
function.  The  greater  the  number  of  independent  variables  the  more  scope  there  is  for  the 
optimisation  method  to  mould  the  solution  so  that  the  capabilities  of  the  optimum  design 
that  emerges  are  better  matched  over  the  spectrum  of  requirments  as  a  whole.  For  this 
reason,  optimum  designs  found  using  a  model  with  a  greater  number  of  independent 
variables  are  likely  to  be  superior  to  the  corresponding  designs  generated  with  a  model 
that  has  a  smaller  number  of  independent  variables.  One  way  of  improving  a  model  is  to 
study  the  margins  of  over-attainment  of  optimum  designs  produced  by  the  model,  and  to  try 
to  envisage  the  best  way  of  elaborating  the  model  so  as  to  improve  the  scope  for  reducing 
the  margins.  Margins  of  over-attainment  cannot  always  be  converted  into  improvements  in 
the  value  of  the  objective  function  but  the  possibility  should  always  be  contemplated. 
Dedication  to  reducing  margins  of  over-attainment  whenever  they  can  be  exchanged  for  any 
improvement  is  the  objective  function,  however  small  and  despite  the  consequent  loss  of 
any  advantage  they  confer,  is  entirely  logical  because  the  objective  function  is  supposed 
to  be  the  true  measure  of  the  merit  of  a  design.  If  there  are  any  doubts  about  the 
current  objective  function  thought  should  be  given  to  evolving  a  better  one.  A  greater 
number  of  independent  variables  generally  makes  it  possible  for  more  inequality  constraints 
to  be  active  simultaneously,  but  as  the  value  of  an  external  variable  changes  so  does  the 
membership  of  the  group  of  active  inequality  constraints,  and  it  appears  that  the  more 
numerous  the  group  the  more  frequently  its  membership  changes.  This  accounts  for  the 
greater  number  of  events  in  the  results  from  the  transport  aircraft  studies. 

From  time  to  time  circumstances  arise  in  which  the  use  of  a  compound  objective  func¬ 
tion  may  be  helpful.  A  compound  objective  function  is  a  weighted  mean  of  two,  or 
exceptionally  more,  distinct  quantities,  at  least  one  of  which  is  potentially  an  interest¬ 
ing  objective  function.  The  following  equation  is  for  the  case  when  the  compound  objective 
function  COF  is  a  weighted  mean  of  two  potential  objective  functions  OF1  and  0F2 : 

COF  =  (1  -  n)  »  0F1  +  o  *  0F2  0  <  n  <  1  . 

A  compound  objective  function  can  be  used  to  generate  a  sequence  of  designs  by  changing 
the  value  of  the  weighting  parameter  o  so  that  a  curve  such  as  that  shown  in  Fig  16  can 
be  constructed.  One  possible  application  would  be  to  determine  the  smallest  penalty  in 
the  direct  operating  cost  0F1  of  a  transport  aircraft  due  to  reducing  its  noise  footprint 
area  0F2.  Another  possible  application  would  be  to  investigate  the  range  of  possibilities 
between  the  minimum  direct  operating  cost  0F1  aircraft  and  the  minimum  fuel  consumption 
0F2  aircraft.  This  is  an  interesting  case  because  the  cost  of  the  fuel  is  one  component 
in  the  direct  operating  cost.  It  follows  that  there  exists  a  level  of  fuel  price  which 
would  lead  to  the  same  aircraft  being  generated  in  a  simple  optimisation  with  direct 
operating  cost  as  the  objective  function.  This  can  be  shown  as  follows. 

The  part  of  the  direct  operating  cost  due  to  the  cost  of  the  fuel  is  equal  to  the 
product  of  the  price  of  fuel  PFUEL  and  the  fuel  consumed  and  so  the  direct  operating  cost 
can  be  written 

DOC  =  D0C1  +  PFUEL  *  FUEL  CONSUMED 

where  D0C1  is  the  part  of  the  direct  operating  cost  that  is  not  associated  with  fuel 
consumed.  The  combined  objective  function  is  therefore 


COF  =  (1  -  n)  «  DOC  +  n  x  FUEL  CONSUMED 

=  (1  -  n) 

=  (1  -  n) 


Within  an  optimisation  n  ,  and  hence  also  (1-n),  does  not  vary  and  so  the  same  aircraft 
design  would  be  generated  with  a  simple  objective  function  equal  to 

DOC'  =  D0C1  +  PFUEL'  x  FUEL  CONSUMED 

where  PFUEL'  =  PFUEL  +  n/(l-n)  .  Although  the  same  aircraft  design  would  be  generated 
its  direct  operating  cost  would  be  higher  on  account  of  it  being  calculated  with  the 
higher  fuel  price  PFUEL' .  If  the  direct  operating  cost  of  the  aircraft  were  to  be 
recalculated  with  the  original  fuel  price  it  would  be  found  to  have  the  value  originally 
obtained.  This  shows  that  every  design  produced  by  the  compound  objective  function  is 
a  minimum  direct  operating  cost  design  at  a  different  fuel  price  level  (see  Fig  17).  The 
minimum  direct  operating  cost  design  tends  towards  the  minimum  fuel  consumption  design  as 
the  price  of  fuel  tends  to  become  infinitely  great.  Curves  such  as  those  in  Figs  16  and  17 
define  a  boundary  between  a  region  in  which  designs  do  not  exist  and  a  region  where  designs 
do  exist.  But  the  designs  on  the  boundary  are  the  only  ones  that  are  potentially 
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interesting.  By  providing  a  rapid  means  for  finding  such  designs  a  compound  objective 
function  can  serve  a  useful  purpose. 

Among  the  applications  for  MVO  that  have  not  been  discussed  is  its  use  for  assessing 
the  likely  benefits  that  could  result  from  advances  in  technology.  Most  advances  can 
best  be  exploited  by  using  them  to  further  the  evolutionary  development  of  recognised 
types  of  aircraft.  MVO  is  well  suited  to  the  preliminary  study  and  evaluation  of  such 
evolutionary  developments.  A  simple  example  is  to  be  found  in  Ref  1. 

5  CONCLUSIONS 

Complex  models  of  aircraft  design  and  operation  can  be  explored  with  great  facility 
using  computer  based  optimisation  methods  in  MVO  programs.  An  MVO  program  should  not  be 
regarded  as  a  means  to  produce  isolated  optimum  designs  but  as  a  versatile  tool  which  can 
be  used  to  assemble  comprehensive  sets  of  consistent  data.  By  systematically  examining 
such  sets  of  data  a  deep  and  thorough  understanding  can  be  gained  of  the  interaction 
between  the  contending  effects  within  the  model.  Applications  for  MVO  programs  are  not 
confined  to  indicating  starting  points  for  aircraft  design  studies.  Other  important 
applications  include  helping  to  provide  a  better  basis  for  drafting  requirements  for 
future  aircraft . 
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Table  1 

QUANTITIES  IN  MVO  PROGRAM  USED  IN  STUDY  REFERRED  TO  IN  SECTION  3 

Independent  variables: 

IV1  Wing  area 

IV2  Aspect  ratio 

IV3  Sweepback 

IVA  Taper  ratio 

IV5  Thickness-chord  ratio 

IV6  Compressibility  drag  parameter 

IV7  Engine  mass  1  Independent  variables  defining 

IV8  Engine  re-rating  parameter  I  engines 

IV9  Slat  chord  ratio 

IV10  Flap  span  ratio 

IV11  Flap  chord  ratio 

IV12  Flap  take-off  setting 

IV13  Flap  landing  setting 

EV1  Cruise  speed 

EV2  Cruise  altitude 

Inequality  constraint.'.: 

IC1  Take-off  field  length  >  specified  field  length 
IC2  Take-off c limb  gradient  <  airworthiness  requirement 
IC3  Cruise  thrust  <  cruise  drag 

IC4  Net  ceiling  with  engine  failed  <  specified  value 

IC5  Fuel  volume  available  <  fuel  volume  required 

IC6  Aspect  ratio  -  sweep  function  >  specified  value 
IC7  Throttle  setting  during  approach  <  specified  value 
IC8  Body  angle  at  landing  <  specified  value 

IC9  Thickness-chord  ratio  <  function  of  sweep 

Equality  constraints: 

EC1  Approach  speed  ratio  -  1.3 

EC2  Thickness-chord  ratio  =  calculated  thickness-chord  ratio 
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Fig  1  Effect  of  increasing  cruise  height 
(original  set  of  results) 


Fig  2  Effect  of  increasing  cruise  height 
(augmented  set  of  results) 
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Fig  3  Objective  function  error  contour 


Fig  4  Relationship  between  error  in  objective 
function  and  maximum  error  in  a  variable 
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Fig  15  Strike  aircraft  study  results  -  fuel  used 
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Fig  16  Results  with  compound  objective  function 
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Fig  17  Effect  of  minimising  direct  operating 
costs  with  different  fuel  prices 
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SUMMARY 

Various  design  merit  functions  and  program  structures  are  discussed  and  program  elements 
common  to  most  design  exercises  are  analyzed.  Criteria  are  presented  for  optimum  cruise 
conditions  for  aircraft  with  or  without  Mach  number  dependent  drag  polars  and  arbitrary 
propulsion  systems.  Constrained  and  unconstrained  optima  for  design  cruise  speed  and 
altitude,  engine  thrust,  wing  loading  and  aspect  ratio  are  presented  in  the  form  of 
generalized  analytical  expressions.  They  are  based  on  closed-form  equations  for  the  pay- 
load  weight  fraction.  A  Powerplant  Merit  Function  is  proposed,  which  can  be  used  for 
assessing  propulsion  systems  in  the  project  study  phase  in  isolation  from  the  aircraft 
design. 

The  method  gives  clear  insight  into  the  design  problem  structure  and  is  adaptable  to 
arbitrary  ground  rules  and  different  data  bases.  The  trade-off  between  mission  require¬ 
ments,  technological  factors  and  (optimum)  design  characteristics  is  evident  from  the 
criteria  presented. 
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-  aspect  ratio;  unconstrained  optimum  point 

-  velocity  of  sound  at  sea  level,  standard  atmosphere 

-  constrained  optimum  point 

-  wing  span ;  factor  in  DOC  formula 

-  aircraft  drag  coefficient  (Cp  airframe  drag  coefficient) 

-  zero-lift  drag  coefficient 

-  logarithmic  derivatives  of  Cp  w.r.t.  Cp  and  M,  resp. 

-  equivalent  profile  drag  coefficient  dlcDs)wet/ds 

-  lift  coefficient;  C.  :  C.  for  min.  wing  -  associated  drag;  C.  :CT 

.  .  .  >  .  Lref  L  LMD  L 

for  minimum  drag 

-  lift  coefficient  at  take-off  safety  speed 

-  turboprop  engine  ESFC 

-  turbojet  and  -fan  TSFC 

-  powerplant  specific  weight 

-  factor  relating  n,  nM  and  M:  C^  =  n/fn^) 

-  drag;  Dp;  powerplant  installation  drag 

-  ratio  of  C^/uA  to  the  total  Cp  at  V2  (take-off) 

-  Oswald  factor 

-  fuel  burnt  per  unit  time 

-  fixed  drag  area 

-  Powerplant  Merit  Function 

-  acceleration  due  to  gravity 

-  specific  calorific  value  of  fuel  (J/kg) 

-  reference  height  in  take-off  analysis 

-  factor  of  proportionality  in  take-off  analysis 

-  lift 

-  Mach  number;  M^:  minimum  drag  Mach  number 

-  mass  (contribution);  indices : "fix"  for  fixed,  "F*  for 
fuel,  "P"  for  powerplant,  "pi"  for  payload,  "oe"  for 
operating  empty,  "to"  for  take-off, and  "var"  for  variable 

-  number  of  propulsion  engines  installed  per  aircraft 

-  crake  horsepower  equivalent  HP) 

-  atmospneric  static  pressure;  p0:  at  sea  level  standard 

-  dynamic  pressure 

-  range;  R  :  equivalent  design  range 
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-  range-equivalence  of  H  :  Ry  =  H/g 

-  wing  area 

Sfc  -  air  distance,  run  length  and  total  field  length  for  take-off 

-  net  thrust;  Tfc  :  static  thrust  at  sea  level,  ISA  ;  T^:  thrust  at  MO  alt. 

-  time;  t^:  blocktime 

-  true  airspeed ;  Vb:blockspeed;  V2  :  take-off  safety  speed 

-  weight;  indices:  "a"  for  airframe,  "F"  for  fuel,  "P"  for 

powerplant,  "pi"  for  payload  and  “to"  for  MTOW  ;  no  index:  aircraft  weight 

-  ratio  of  specific  heats  of  atmospheric  air 

-  relative  atmospheric  pressure 

-  total  engine  efficiency;  n:  referred  to  T-Dp  ;  rip*  propeller  efficiency 

-  logarithmic  derivatives  of  n  w.r.t.  T/6  and  M,  resp. 

-  propeller  efficiency 

-  relative  atmospheric  temperature 

-  normalized  drag/lift  ratio  at  V2 

-  mass  ratio 

-  atmospheric  density  during  take-off 

-  normalized  T/W  ratio  at  V2 

-  empty  mass  sensitivity  parameters  w.r.t.  A  and  S  ,  resp. 

-  induced  drag  factor  for  wing  design  - 

-  normalized  span  loading  used  in  take-off  analysis. 


1.  INTRODUCTION 

Until  about  1955-1960  conceptual  aircraft  design  studies  were  generally  based  on 
relatively  simple  criteria  and  methods.  Although  published  contributions  (e.g.  Refs.  4, 

5,  11)  nave  not  always  been  representative  of  industrial  practice,  they  do  indicate  that 
early  parametric  studies  were  made  on  a  limited  scale,  frequently  by  highly  competent 
and  experienced  designers  with  a  thorough  insight  into  what  could  be  considered  as 
realistic  optimization  opportunities  in  the  conceptual  design  process. 

The  situation  changed  drastically  when  high-speed  digital  computers  were  introduced, 
enabling  the  designer  to  analyze  a  virtually  unlimited  number  of  parametric  variations. 

The  application  of  interactive  graphics  tools  has  considerably  enhanced  Computer  Aided 
Design  (CAD) ,  and  all  major  aircraft  factories  nowadays  use  CAD  in  certain  phases  of  the 
design  process.  A  fundamental  problem  inherent  to  any  computer-assisted  effort  is  that 
the  designer's  mind  tends  to  be  detracted  towards  optimizing  a  mathematical  model 
instead  of  designing  the  best  aircraft.  A  solution  here  is  to  keep  the  structure  of  the 
design  problem  apparent  through  flexible  and  modular  programs.  However,  recent  publica¬ 
tions  by  Kirkpatrick  (1971)  and  Keith  Jackson  (1977)  indicate  that  useful  help  can  also 
be  expected  from  analytical  methods  to  interprete  and  check  the  results  of  complex  multi¬ 
variate  programs.  The  present  contribution  can  be  interpreted  to  belong  to  this  category. 
Contrioutions  to  design  optimization  have  been  made  long  Before  the  CAD  era.  Gothert 
(1939)  made  one  of  the  first  comprehensive  attempts  to  optimize  the  span  and  wing  area 
of  propeller  aircraft  (1939).  Pearson  (1949)  gave  an  elementary  derivation  of  the 
optimum  engine  thrust  and  Mach  number  for  long-range  jet  aircraft.  Ashkenas  (1948) 
studied  optimum  cruise  conditions  for  constant  engine  ratings  and  devised  an  aerodynamic 
criterion  for  the  optimum  wing  area.  Backhaus  (1958)  attempted  a  comprehensive  optimiza¬ 
tion  of  jet  transports,  that  is  still  worth  reading.  Sanders  (1961)  made  various  ana¬ 
lytical  studies  involving  wing  weight  variation, and  demonstrated  the  importance  of 
differences  in  the  figures  of  merit.  Bagly  and  Anderson  (1965)  isolated  the  engine 
optimization  problem  from  the  overall  airplane  design  cycle.  Kiicheraann  and  Weber  (1968) 
made  an  important  contribution  to  the  optimization  of  cruise  altitude  and  engine  thrust, 
based  on  maximum  payload  fraction. 

The  basic  problem  of  applying  these  contributions  is  that  they  cannot  be  related  to 
each  other,  because  the  aircraft  categories  considered  and  the  optimization  criteria 
are  different.  In  addition,  the  omission  of  compressibility  effects  and  SFC  variation 
witn  speed  renders  many  contributions  obsolete . 

The  present  paper  describes  a  basically  analytical  approach  to  conceptual  design  opti¬ 
mization,  intended  to  enhance  the  understanding  of  the  basic  design  problems  of  transport 
aircraft  and  to  contribute  to  certain  classesof  practical  design  studies.  An  introductory 
chapter  deals  with  the  choice  of  a  suitable  merit  function  and  the  structure  of  different 
design  problems.  Criteria  are  oresented  in  Chapter  3  to  find  the  optimum  cruise  conditions 
applicable  to  given  aircraft  with  arbitrary  type  of  powerplant  and  drag  polars  including 
a  drag  rise.  Chapter  4  forms  the  basis  to  select  optimum  cruise  conditions  for  a  given 
airframe  shape  in  which  turbofan  engines  have  to  be  installed.  The  minimum  tnrust  required 
to  take  an  aircraft  out  of  a  given  airfield  is  derived  from  approximate  take-off  analysis. 
Chapters  5  and  6  deal  with  criteria  for  optimum  wing  aspect  ratio,  wing  loading,  lift 
coefficients,  cruise  altitude  and  thrust-to-weight  ratio  for  engines  sized  for  cruising 
and  field  performance,  respectively. 
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2.  THE  GENERAL  DESIGN  OPTIMIZATION  PROBLEM 
2. 1  Figures  of  merit 

The  choice  of  a  suitable  criterion  on  which  to  base  the  assessment  of  an  aircraft  design 
(Fig.  1)  is  essential  ana  unavoidable,  particularly  in  the  case  of  CAD.  For  transport 
aircraft,  ROI  or  profit  margin  theoretically  appear  to  be  the  most  comprehensive  of  the 
various  criteria,  but  there  are  restrictions,  as  illustrated  hereafter. 


a.  Optimum  block  speed 

The  effects  of  block  speed  variation,  for  example,  indicate  that  for  a  given  annual 
utilization  and  depreciation  period  the  optimum  block  speed  can  be  markedly  different 
wnen  fuel  usage,  DOC  or  ROI  are  compared  (Fig.  2).  This  is  caused  primarily  by  a  different 
weighing  of  productivity,  resulting  in  significant  differences  in  the  optimum  block  fuel 
load  variation  with  block  speed  for  given  range: 


minimum  fuel  cost 

minimum  DOC 

maximum  ROI 


“  "F 

d  Vb  " 
d  log  W 

d  log  V 
a  log  W 
d  log  V 


0 

F 

b 

F 

b 


DOC/trip _ 

fuel  cost/trip 

mean  income/trip  -  trip  IOC 
fuel  cost/trip 


(2-1) 

(2-2) 

(2-3) 


where  d  log  W„/d  log  is  the  logarithmic  derivative  of  the  block  fuel  w.r.t.  block 
speed,  effectively  theDratio  of  relative  fuel  change  with  relative  speed  increment.  Trip 
OC  refers  to  the  indirect  operating  cost  directly  proportional  to  the  number  of  trips, 
such  as  landing  fees,  local  maintenance,  aircraft  and  traffic  servicing,  passenger 
servicing  and  food,  flight  administration  and  sales,  etc.  The  economic  value  of  speed  is 
emphasized  most  when  ROI  is  considered.  Aircraft  with  appreciably  different  cruising 
speeds  and/or  productivities  must  therefore  not  be  compared  on  a  basis  of  DOC  only. 

The  conditions  of  constant  annual  utilization  and  depreciation  period,  however,  are 
questionable.  Aircraft  may  be  designed  for  a  given  service  life  or  total  number  of  trips; 
hence  an  increment  in  block  speed  does  not  necessarily  materialize  in  a  proportional  in¬ 
crease  in  the  total  earnings.  The  annual  utilization  will  therefore  tend  to  decrease  with 
increasing  block  speed. 

Since  for  long-range  operation  the  condition  d  W,/d  V.  =  0  is  effectively  related  to  the 
drag  rise  (d  C^/d  M) ,  the  block  speeds  for  minimum  uOC  and  ROI  are  sensitive  to  the  shape 
of  the  drag  rise.  Optimization  of  the  best  Mach  number  is  therefore  possible  only  when  the 
aerodynamic  design  is  well  established. 

b.  Effects  of  field  length  constraints 

Fig.  3  illustrates  that  field  performance  requirements  have  a  marked  effect  on  DOC.  The 
"design  field  length"  is  the  take-off  distance  required  with  the  maximum  number  of 
passengers  and  MTOW  under  critical  atmospheric  conditions. 

Aircraft  A  is  optimized  for  cruising  flight,  but  fails  to  satisfy  the  field  constraint. 
Since  it  has  to  unload  passengers  on  all  but  the  longest  routes,  its  economics  are  inferior 
for  operators  with  critical  field  limits.  Design  B  just  meets  the  field  performance 
criterion  at  the  design  range,  resulting  in  the  lowest  attainable  operating  cost.  This 
design  nas  the  lowest  operating  cost,  provided  the  required  fields  length  decreases  with 
shorter  ranges  at  least  as  fast  as  the  available  field  length.  Design  C  satisfies  the 
field  requirements  on  all  ranges,  but  at  higher  cost.  Since  operators  tend  to  have  widely 
divergent  field  performance  requirements,  one  should  be  careful  in  compromising  to  cope 
with  an  extremely  critical  requirement.  It  may  well  be  advantageous  to  propose  different 
versions  of  the  same  basic  design,  e.g.  the  VFW-Fokker  F-28  aircraft  family  with  different 
wing  designs. 

c.  Importance  of  the  payload  fraction 

The  various  weignt  fractions  mentioned  in  Fig.  1  can  be  combined  into  an  approximate 
expression  for  the  design  sensitive  DOC  (per  seat  -  km,  given  range) : 


DOC  = 


'b  pi 


(k¥* 


+  b  W  +  c  W 


to 


+  d  T 


to 


(2-4) 


where  the  various  factors  have  the  following  meanings: 
a:  specific  fuel  price;  t^  :  block  time 

b:  hourly  depreciation,  interest,  insurance, maintenance  and  spares  cost  per  unit  of 
airframe  less  powerplant  weight; 

c:  hourly  maintenance,  personnel  and  flight  crew  cost  per  unit  of  MTOW; 
d:  nourly  powerplant  depreciation,  maintenance  and  spares  cost  per  unit  of  total 
take-off  thrust. 

The  simplified  DOC  expression  can  be  evolved  into: 
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where  C.  denotes  the  specific  powerplant  weight.  Taking  representative  numerical  values 
for  thecconstants  in  (2-5)  ,  it  can  be  shown  that  the  payload  fraction  w  i/m.  forms  the 
most  significant  contribution.  It  is  therefore  justified  to  concentrate'on  tne  condition 
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for  maximum  payload  fraction  or,  when  block  speed  variations  are  involved,  on  the 
maximum  of  vj,,mol/mto'  Provided  annual  utilization  and  depreciation  period  are  not 
affected.  Only  pAfor “dif ferent  designs  where  these  criteria  are  almost  equal  does  it 
become  worthwhile  to  consider  nip/m  ,  and  m  /m  .  as  secondary  criteria.  Those  comparisons 
are  particularly  sensitive  to  speciric  fuel  prices  and  engine  cost  per  unit  take-off 
thrust. 

2.2  The  structure  of  aircraft  design  problems  and  ground  rules 

The  subdivision  into  specified  characteristics,  parameters  or  free  variables,  dependent 
variables  and  constraints  is  different  in  almost  any  conceivable  design  problem.  The 
following  summary  of  design  options  encompasses  most  problem  structures. 

OPTION  1 

Optimum  cruise  conditions  for  a  given  aircraft:  cruise  altitude  and  Mach  number  combinations, 
resulting  in  the  lowest  fuel  consumption  or  cost  per  km,  for  variable  or  fixed  engine 
ratings.  This  performance  problem  is  not  only  common  to  most  design  studies,  but  is  also 
a  general  aspect  of  operational  and  cost  studies  of  existing  aircraft. 

OPTION  2 

Engine  selection  for  given  airframe  geometry:  the  engine  selection  procedure  is  based  on 
the  rule  that  for  tne  lowest  flying  cost  the  engines  should  be  sized  for  cruising.  The 
engine  thermodynamic  cycle  and  the  cruise  altitude  can  be  optimized  in  order  to  obtain 
a  maximum  payload  fraction  for  each  Mach  number.  The  condition  for  minimum  DOC  is  obtained 
from  the  block  speed  times  the  maximum  payload  fraction,  for  either  unconstrained  or  con¬ 
strained  lift  coefficient  and  Mach  number  combinations.  The  optimum  take-off  weight  and 
thrust  thus  obtained  have  to  be  compared  with  the  thrust  and  weight  based  on  field  and/or 
climb  performance  criteria.  In  case  of  a  major  discrepancy  the  engine  cycle  or  the  number 
of  engines  should  be  adapc.ed. 

OPTION  3 

Airframe  optimization  for  fixed  engines,  to  be  achieved  in  several  steps. 

a.  Constant  design-payload  and  range,  constant  Mach  number:  optimum  wing  area,  aspect 
ratio  and  altitude  are  calculated,  based  on  max.  m  , /m  ,  considering  fuselage  geo¬ 
metry,  wing  section  t/c,  sweep  angle  and  taper  invSriant. 

b.  Constant  design  payload  and  range,  variable  Mach  number:  the  previous  step  is  repeated 

for  several  Mach  numbers,  resulting  in  an  extremum  of  V,  (m  ,/m  )  .  For  each  Mach 

number  the  wing  aerodynamic  design  is  matched.  °  pi  to  max 

c.  Variable  payload  and  range,  constant  wing  design:  a  case  referring  to  fuselage 
stretching  and/or  range  extension  studies.  Field  and  climb  performance  constraints  will 
set  an  upper  limit  to  tne  MTOW.  For  each  payload  and  fuselage  design  optimum  cruise 
performance  is  obtained  (Option  1).  The  resulting  design  missions  are  assessed  on  a 
basis  of  cost  and  operational  suitability. 

d.  Variable  payload  and  range,  variable  wing  design;  for  each  design  mission  steps  3(a) 
and  (b)  are  repeated  and  optimum  configurations  are  compared  with  regard  to  cost  and 
operational  suitability. 

OPTION  4 

Optimization  of  aircraf t/enqine  combinations.  Similar  to  Option  3  the  solutions  for  given 
mission  and  constant  or  variable  Mach  number  are  developed:  steps  4a  and  4b  respectively. 

For  each  step  the  engine  selection  procedure  follows  Option  2. 

If  tne  wing  geometry  is  fixed  (step  4c) ,  the  engine  for  eacn  design  mission  is  selected 
according  to  Option  2.  In  the  case  of  variable  design  missions,  with  the  aim  of  obtaining 
an  optimum  aircraft/engine  combination  for  each  mission,  steps  4a  and  4b  will  be  repeated 
for  each  design  mission.  The  variable  mission  designs  have  to  be  assessed  not  only  on  the 
basis  of  cost,  but  primarily  on  their  operational  suitability. 

The  following  basic  design  elements  are  underlying  all  options: 

(a)  Fuselage  design  for  given  design  payload. 

(b)  Aerodynamic  wing  design  (section  shape,  sweep  angle,  taper)  for  given  area,  aspect 
ratio,  and  design  C,  and  M  combination. 

(c)  Performance  optimization  for  minimum  fuel  or  cost. 

(d)  Sensitivity  of  the  mass  breakdown  to  design  variations. 

(e)  Variation  of  the  payload  fraction  (given  airframe)  with  engines  sized  for  cruising 
at  different  altitude  and  Mach  number  combinations. 

(f)  Calculation  of  the  minimum  thrust  level  required  for  specified  f. eld  and  climo 
performance. 

(g)  Calculation  of  the  payload  fraction  (given  payload  and  range)  as  affected  by  wing 
area,  aspect  ratio  and  cruise  altitude  variation. Engines  are  either  specified  or 
sized  for  cruising. 

(h)  As  (g) ,  but  engines  sized  for  field  or  climb  performance. 

(1)  Assessment  of  design  mission  variations  w.r.t.  operating  cost  and  operational 
suitability. 

The  items  (a) ,  (b)  and  (i)  are  considered  to  be  outside  the  scope  of  the  present  paper. 

All  other  items  form  elements  of  the  following  chapters. 

3.  MAXIMUM  SPECIFIC  MANGE  FOR  GIVEN  AIRCRAFT 

Due  to  the  recent  sharp  rise  in  fuel  prices,  this  subject  described  under  "Option  1"  in 
the  previous  section  has  aroused  new  interest  recently.  Analytical  conditions  for  maximum 
range  (or  minimum  fuel)  are  known  for  many  years;  an  overview  is  given  in  Ref.  1.  The 
weakness  of  tnese  criteria  in  practical  cruise  performance  analysis  is  due  to  the  basic 
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assumptions  underlying  most  derivations: 

(a)  the  drag  polar  is  parabolic, 

(b)  compressibility  drag  is  neglected, 

(c)  total  engine  efficiency  is  constant  {propeller  a/c)  or  proportional  to  Mach  number 
(jet  a/c,  corrected  TSFC  constant) . 

Neither  of  these  assumptions  is  valid  for  turbofan-powered  aircraft.  The  classical  criteria 
result  in  an  optimum  cruise  altitude  only  in  the  case  of  thrust-limited  flight  but  numerical 
performance  analysis  generally  indicates  the  max.  specific  range  to  occur  at  reduced  engine 
ratings.  For  given  W/6  (i.e.  C,M2  =  constant)  the  TSFC  variation  has  a  marked  effect  at  all 
speeds;  compressibility  at  high  speeds  invalidates  the  classical  criteria  almost  completely. 
The  generalized  criteria  presented  next  apply  to  subsonic  aircraft  with  and  without  com¬ 
pressible  drag  polars  and  arbitrary  propulsion  system  characteristics.  Their  relation  to 
classical  criteria  will  be  shown. 


3. 1  The  range  parameter 

The  range  parameter  n  L/D  is  related  directly  to  the  specific  range  V/F,  since  in  horizontal 
flight  (T  =  D)  : 


n 


L 

D 


|  (V/F) 


dfR/Rjj) 
d (mp/m) 


(3-1) 


where  Rj,  =  H/g  is  the  range-equivalence  of  the  specific  heat  content  of  the  fuel,  approx. 
4400  km” for  jet  fuel.  The  total  engine  efficiency. 


useful  propulsive  power  _  TV 
n  heat  added  per  unit  time  H  d  m^/dt 

works  out  as  follows  in  the  range  parameter. 

Jet  aircraft:  since  n  is  related  to  corrected  TSFC  and  Mach  number. 


L  fo  ML/D 
n  D  H  CpVS 


(3-3) 


The  corrected  thrust  and  TSFC  are  both  functions  of  M  and  the  corrected  RPM;  hence  by 
elimination  of  the  RPM. 


H  =  n  (T/6  ,M)  (variable  RPM) 


(3-4) 


A  typical  plot  (Fig.  4)  shows  that  over  a  wide  range  of  T/6  values  n  is  primarily  affected 
by  M,  while  T/6  variation  is  of  secondary  importance.  A  log-log  scale  has  been  used  here 
for  the  reason  to  be  explained  in  section  3.2. 

Propeller  aircraft 

The  total  efficiency  is  the  product  of  the  propeller  and  engine  efficiencies: 


n 


~®3_ 


p  Hdiydt 
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where  Cp  is  the  SFC  referred  to  ESHP.  The  range  parameter  becomes: 


n 


L 

D 


(3-6) 


For  turboprop  engines  both  n  and  Cp  are  functions  of  M  and  P.  /&/&  .  Since  shaft  power 
and  useful  propulsive  power  are  interrelated  via  np,  it  can  beshown  that  (3-4)  also 
applies  to  propeller  aircraft  and  is  therefore  completely  general. 


Maximum  lift/draq  ratio 

For  high-subsonic  aircraft  CD(C,,M)  and  the  L/D-ratio  are  no  longer  unique  functions  of 
C^.  For  a  given  Mach  number ,  L/B-max  is  defined  by: 


d  log  CD 
d  log  CL 


1 


(M  constant) 


(3-7) 


Horizontal  cruising  at  a  given  aircraft  weight  (more  generally  W/6  =  constant)  is  equi¬ 
valent  to  C^M2  =  constant,  and  it  can  be  shown  that  for  maximum  L/D: 


2  C_  -  Cn  =2  (W/6  constant) 

L  M 

d  log  C  I 

where  a  tTTZgW  |  CL 


(3-8) 

(3-9) 
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In  the  drag  rise  CpM  ^  0  and  (3-7)  compared  with  (3-8)  results  in  different  CL  and 
L/D  -max  values.  Plotting  the  drag  polars  on  a  log-log  scale  (fig.  5)  yields  the  numerical 
values  of  Cp,  and  Cp„  directly  from  the  local  slopes  of  log  CD  vs  log  CT  and  log  M,  resp. 
Equation  (3- B) can  also  be  constructed  in  the  polars  and  its  intersection  with  curves: 
log  C.  +  2  log  M  =  const,  defines  L/D-max.  for  constant  W/6,  which  is  appreciably  below 
the  value  for  constant  M  (cf.  also  Ch.  n  of  Ref.  10). 

3.2  Maximum  range  parameter  for  variable  engine  rating 

In  (quasi-)  horizontal  flight  T/6  =  D/6  (C. ,M  )  and  it  follows  from  (3-4)  that: 

•Li 

o  5  *  n  §  <cl,m)  0-10) 


Differentiating  w.r.t.  the  two  degrees  of  freedom  C,  and  M  yields  the  conditions  shown  in 
Fig.  6.  The  logarithmic  derivatives  of  C_  w.r.t.  C^and  M  are  related  to  the  propulsion 
derivatives,  defined  as  follows:  u  h 


d  log  n 

n  M  *  d  log  M  T/6 


d  log  n 

nT  "  d  log  (T/6)  M 
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These  characteristics  are  manifest  in  Fig.  4  as  the  local  slopes  of  log  n  vs  log  M  and 
log  T/6,  resp.  Since  normally  n™  is  close  to  zero,  the  derivative  nM  is  most  important 
as  it  plays  a  dominant  role  in  all  optimizations  involving  Mach  number  variation.  Its 
numerical  value  is  generally  between  0  and  1,  but  it  can  become  slightly  negative  for 
propeller  aircaft  at  high  speeds.  The  classical  analytical  criteria  assume  nM  =  0 
(n  constant)  for  propeller  aircraft  and  nM  =  1  (C_//e  =  constant)  for  jet  aircraft.  Typical 
values  for  high-bypass  engines  are  between  0.5  and  0.8,  but  flight  speed  has  an  effect  on 
these  figures.  Furthermore,  nM  can  be  related  to  useful  approximations  for  the  corrected 
TSFC  of  turbofans: 

Q 

for  CT//0  =  Cx  +  C2  M  -  =  (*  +  M) 

for  CT//0  =  C  Mn  -»  nM  =  1  -  n 

Values  for  "n"  are  given  in  the  ESDU  Data  Sheets  (Ref.  1).  It  is  to  be  noted  that  in 

Figures  4  and  5  the  base  of  the  log.  is  10. 

It  is  concluded  from  Fig.  6  that  for  n_  <<  nM  the  condition  CpM  r>  pm  always  results  in 

optimum  cruising  conditions  to  be  in  trie  drag  rise,  for  both  specified  CT  and  the  un¬ 

constrained  case.  For  example,  if  M  =  0.8,  Cp  =  0.032  and  =  0.63,  theSresult  is 
dCL/dM  =  0.025.  The  optimum  cruise  Mach  number  for  given  C.  is  thus  below  the  drag- 
critical  Mach  number  (dC  /dM  =0.10).  “ 

The  unconstrained  optimum  for  altitude  and  Mach  is  obtained  by  intersection  of  the  first 
two  conditions  of  Fig.  6.  In  the  drag  polar  this  point  can  be  located  directly,  provided 
values  of  hm  and  nT  are  known.  For  nT  «  0,  the  optimum  is  simply  defined  by  the  inter¬ 
section  of  Cp.  =  1  with  CpM  =  Pm>  bat  more  accurate  solutions  can  be  found  by  graphical 
procedures  most  readily  when  log-log  plots  are  being  used. 


for  both  cases: 


'n  n„M 


constant 


3. 3  Constrained  optima 
(a)  Constant  W/6 

A  constraintonW/6 ,  usually  interpreted  as  a  specified  altitude  for  given  W,  leads  to 
ClM2  =  constant.  The  table  in  Fig.  6  shows  that  a  combination  of  Cp.  and  CpM  defines  the 
constrained  optimum  Mach  number,  and  a  solution  is  now  also  found  for  CpM  =0.  Since  for 
a  parabolic  drag  polar: 


C  =2  induced  drag 
Dt  total  drag 

L» 


2<VCW2 

1  +  (CL/CW  2 


(3-12) 


the  optimum  Cp  and  M  are  found  for  nT  =  0  as  indicated.  The  classical  criteria  below  can 
be  derived  directly  from  this  result. 


propeller  aircraft:  nM  =  0  ■*  CL  =  CL 

MD  4 

jet  aircraft  :  nM  =  1  -*•  Cp/CL  =  1//3 ,  and  M/M^  =  /3 

MD 

For  a  typical  turbofan-powered  aircraft  with  nM  =  0.6,  we  find, 


however: 


CT  =  0.733  CT  ,  and  M  =  1.17  M, 

L  lmd  1 


(b)  Constant  T/6  - 

A  constraint  on  T/6  (or  C^M^  =  constant)  can  be  interpreted  for  jet  aircraft  as  a  limit 
on  the  engine  rating  in  the  case  of  stratospheric  flight,  provided  Mach  number  effects  on 
thrust  are  neglected.  The  simple  optimum  condition  for  parabolic  polars  (no  drag  rise) , 


1 

V1  +  Of, 


(3-13) 
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again  compares  directly  to  the  classical  result  C,/Ct  -  1//5  for  C_//5  »  constant 
(n  m  1),  but  (3-13)  is  more  general. 
ft 

3. 4  Operational  cruise  conditions 

The  relative  flatness  of  the  nL/D  curves  near  the  optimum  allows  operators  to  pick  up 
a  worthwhile  gain  in  cruise  speed  for  only  small  fuel  penalties.  The  long-range  cruise 
Mach  number  is  usually  defined  as  the  highest  M  for  which  the  specific  range  is  99%or99.5t 
of  its  maximum  value. 

In  view  of  the  economic  value  of  speed  (cf.  Section  2.1a)  the  cost-economical  speed  is 
in  excess  of  the  long-range  cruise  condition.  Using  (2-2),  for  example,  the  drag  rise 
for  minimum  DOC  is  defined  as  follows: 


DOC/trip  _ 
nM  fuel  cost/trip 


(3-14) 


For  example,  if  the  DOC  is  three  times  the  fuel  cost  per  trip  and  hm  *  0.6,  the  result  is 
Cqm  =  2.6.  For  typical  cruising  conditions  this  is  equivalent  to  d  CD/dM  m  0.10,  i.e. 
the  usual  definition  of  the  drag-critical  Mach  number.  The  recent  developments  in  super¬ 
critical  wing  technology,  resulting  in  a  pronounced  and  narrow  “compressibility  drag 
bucket”,  will  bring  the  various  optimum  operating  conditions  as  defined  by  (2-1)  through 
(2-3)  closer  together. 

It  will  be  obvious  that  operational  constraints,  such  as  speed  stability,  buffet  margins, 
climb  potential  and  max.  cruise  ratings,  have  to  be  respected  in  the  final  choice  of 
operational  cruise  conditions.  For  short  ranges,  the  cruise  altitude  will  be  compromised 
to  reduce  the  extra  fuel  lost  in  climb  and  descent. 

4.  TURBOFAN  ENGINE  SELECTION  FOR  GIVEN  AIRFRAME  GEOMETRY  AND  PAYLOAD 

The  basic  approach  to  engine  selection  is  summarized  as  "Option  2“  in  Section  2.2  above. 
The  conceptual  design  problem,  as  visualized  in  Fig.  7  can  be  broken  down  into  the 
following  questions : 

(a)  How  many  engines? 

(b)  What  type  of  engine  cycle  and  engine  scaling  laws? 

(c)  How  sensitive  are  the  empty  mass  and  drag  to  engine  thrust  level  variations? 

(d)  What  is  the  best  design  cruise  altitude  and  speed? 

(e)  What  is  the  minimum  thrust  required  for  given  field  or  climb  performance? 

The  designer's  problem  differs  from  the  performance  analysist's  primarily  because  of  the 
variations  in  the  mass  breakdown  and  drag  polar  when  engine  thrust  levels  are  sized  to 
match  the  cruise  drag  variation  with  altitude  and  Mach  number.  The  present  analysis  will 
be  restricted  to  aircraft  with  turbofan  engines,  but  may  be  adapted  readily  to  propeller 
aircraft. 

4. 1  Aircraft  mass  variation;  the  Propulsion  Figure  of  Merit 

For  podded  engine  installations  the  basic  airframe  geometry  can  be  considered  independent 
of  the  powerplant  variations.  The  grouping  of  masses  into  fixed  and  variable  components, 

m.  =  m, .  +  m  +  m  .  (4-1) 

to  fix  var  pi 

yields  an  expression  for  the  payload  fraction: 
m  .  1  —  m  _/m. 

-El  =  - va*T.  (4-2) 

mto  1  +  mfix/mpl 

The  variable  masses  are: 

(a)  Engines  and  associated  installation  provisions  (nacelles,  thrust  reversers,  etc.): 

wp  =  Ct  Tto  (4-3) 

with  Ct  typically  of  the  order  0.25  to  0.30.  This  expression  implies  that  the  engine 
scaling  laws  allow  a  linearization  of  the  engine  weight  vs  thrust,  which  is  usually 
true  for  exponential  scaling  laws. 

(b)  Fuel: 

S/rh  5d 

"V  =  -  07  mto  (4’4) 

n  l 

where  Cq  is  the  airframe  less  pod  installation  drag  coefficient,  n  the  powerplant 
total  efficiency,  based  on  the  pod  thrust  (i.e.  net  thrust  minus  installation  drag, 

T  -  Dp)  and  R  the  equivalent  design  range.  The  latter  can  be  derived  from  the  actual 
range  by  means  of  various  corrections  allowing  for  the  cruise  procedure,  take-off, 
climb,  descent,  reserve  fuel,  etc. 

(c)  Variation  of  the  empty  mass  (less  powerplant)  caused  by  take-off  mass  variations, 
equal  to  p  mtQ. 

When  the  engines  are  sized  for  cruising  at  a  given  rating,  the  variable  mass  fraction 
is  found  by  adding  items  (a) ,  (b)  and  (c)  above: 
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(4-5) 


where  the  Propulsion  Figure  of  Merit  (PFM)  is  defined  as  follows: 


+ 


5/rh 

n 


(4-6) 


Since  for  given  flight  conditions  and  payload  the  minimum  PFM  results  in  a  maximum  for 
the  payload  fraction,  it  can  be  used  as  an  effective  criterion  for  the  engine  cycle  se¬ 
lection,  weighing  the  relative  importance  of: 

.  installed  n  (or  TSFC) , 

.  powerplant  installation  weight,  including  nacelles, 

.  thrust  lapse  with  altitude  and  speed, 

.  powerplant  installation  drag. 

The  PFM  does  not  explicitly  account  for  the  number  of  engines  installed.  Therefore,  when 
engines  are  sized  for  engine-out  performance  an  additional  assessment  is  necessary. 


4 .2  Effects  of  cruise  conditions  on  the  payload  fraction  _ 

As  soon  as  an  engine  cycle  has  been  selected  (provisionally) ,  the  PFM  and  Cd/Cl  ratio  and 
hence  the  first  term  of  (4-5)  can  be  calculated  for  each  flight  condition;  a  typical 
result  is  shown  in  Fig.  8.  Analytical  optima  can  be  derived  resulting  in  either  a  condi¬ 
tional  maximum  i»Di/mto  for  given  M,  Cl  or  W/S ,  or  in  the  unconstrained  maximum.  The  results 
are  summarized  iri  Figures  8  and  9.  All  local  optima  appear  to  be  related  to  the  ratio  of 
the  powerplant  installation  mass  to  the  fuel  mass, 
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The  most  intriguing  and  simple  of  all  criteria  is  the  unconstrained  optimum  for  Mach 
numbers  below  the  drag  rise: 


^  '  VCL„„  =  'M  +  V 


MD 


where 


nM  =  nM 


2  -T-  /  (1  -  Dp/T) 


(max. 


m  , 
_Ei; 

to 


(4-8) 


(4-9) 


This  result  is  in  accordance  with  Pearson's  criterion  (Ref.  12)  -derived  for  CT//0  «  con¬ 
stant  (nM  =  U- stating  that  the  optimum  cruising  flight  for  jet  aircraft  is  found  at  an 
altitude  and  speed  where  the  engine  weighs  half  the  fuel  load.  However,  equation  (4-8)  is 
more  general  and  more  realistic  as  regards  the  numerical  value.  It  is  also  noteworthy 
that  the  corresponding  C,  is  very  similar  to  the  criterion  found  in  Section  3.3  for  given 
T/S.  Nevertheless,  the  criticism  is  valid  that  the  maximum  payload  fraction  is  not  a  very 
useful  criterion  here  since  speed  and  productivity  variations  are  involved. 

The  condition  of  optimum  cruise  altitude  and  C,  for  given  M  (Fig .  9a)  is  most  significant. 
This  defines  a  trade-off  between  engine  thrust^fand  mass)  increasing  with  altitude  and 
fuel  mass  which  is  minimum  at  the  altitude  for  minimum  drag.  The  best  altitude  is  there¬ 
fore  always  below  that  for  minimum  drag.  Provided  the  drag  polar  (with  or  without  compres¬ 
sibility)  is  parabolic,  the  optimum  powerplant-to-fuel  mass  ratio  is  obtained  from: 
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Fig.  9a  gives  the  general  solution  of  this  equation,  defining  the  optimum  airframe  drag 
coefficient,  and  the  optimum  engine  thrust  is  accordingly: 


(4-11) 


Repetition  of  the  calculation  for  different  Mach  numbers  results  in  m  ,/m.  -  max.  vs 

M  and  the  condition  for  (Vj.  mpi/mto)  -  max.  is  readily  obtained.  The  o$timom  cruise  C, 
for  given  M  has  also  been  derived  by  Kuchemann  and  Weber  (Ref.  9).  In  spite  of  the  u 
different  derivation  -  their  solution  is  not  presented  in  closed  form  -  the  results  are 
numerically  close  to  the  present  (Fig.  9b). 

Finally,  the  "optimum"  CL  and  M  for  given  altitude  (cf.  Fig.  8  and  9b,  curve  III)  may 
be  of  some  use  if  the  thrust  is  based  on  the  take-off  since  lines  of  constant  altitude 
are  roughly  equivalent  to  constant  take-off  T/W  ratio. 


4. 3  Minimum  engine  thrust  for  given  take-off  and  climb  performance 

Engines  may  be  sized  by  a  one  engine-out  service  ceiling  requirement.  The  T/W  ratio  is 
then  determined  directly  from  the  minimum  drag  condition  at  the  ceiling,  and  the  ratio  of 
engine  thrust  available  (with  engine  failure)  at  altitude  to  the  take-off  thrust  (all 
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engines) .  Although  a  simplified  take-off  analysis  is  not  always  necessary,  the  following 
results  form  a  useful  starting  point  for  optimization  of  the  wing  design  when  the  engines 
are  sized  by  take-off  distance  and  climb  criteria. 

When  engines  are  to  be  sized  for  take-off,  a  distinction  is  made  between  cases  when  the 
take-off  flap  design  and  setting  are  specified,  and  the  case  when  optimum  values  for  the 
take-off  lift  coefficient  can  be  chosen  for  each  condition. 

(a)  Fixed  Cr.  at  V2 

The  minimum  thrust  generally  occurs  when  the  one  engine-out  climb  gradient  equals  the 
minimum  second  segment  climb  gradient.  In  this  case  the  airdistance  approaches  a  more  or 
less  constant  value,  and  the  lift-off  speed  is  almost  equal  to  the  take-off  safety  speed. 
The  take-off  run  length  may  therefore  be  related  to  the  kinetic  energy  at  the  screen 
height: 
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where  k^n 
constant  0. 


is  a  factor  of  proportionality,  T  is  the  mean  thrust  (at  about  0.7  V2)  and  the 
04  allows  for  ground  friction  and  air  drag  during  the  run.  The  T/W  ratio  is 
thus  obtained  from: 
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Values  for  Sair  and  krun  may  be  obtained  from  actual  performance  data.  A  check  should  be 
made  on  the  engine-out  climb  performance. 

(b)  Optimum  Cr.  at  V? 

Assuming  the  engine  failure  to  occur  at  the  rotation  speed,  the  take-off  distance  may  be 
approximated  by: 


Sto  krun 


mto/S 


to 


PtO<CL  T/W)V. 


N  -  1 


ft 


T/W  -  CD/CL) 


(4-14) 


where  the  numerical  value  of  krun  is  different  from  that  in  (4-12),  e.g.  krun  -  1.40.  The 
factor  hto  is  a  reference  altitude,  equal  to  35  ft  plus  an  additional  amount  for  the  flare- 
up,  e.g.  h  =  0.01  Sto.  Assuming  the  drag  coefficient  at  V2  for  variable  flap  setting  to  be 
represented  as  follows: 
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it  is  found  that  (4-14)  can  be  re-arranged  as  a  relation  between  three  non-dimensional 
parameters: 


00  =  T  X  (1  -  ^j) 
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on  the  condition  that  the  last  term  exceeds  the  minimum  specified  climb  gradient.  The 
T/W  ratio  at  V2  required  for  a  specified  field  can  be  approximated  by  x  ■  2  +  1.15  /w,  or 
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The  following  conclusions  can  be  drawn  from  (4-13),  (4-17)  and  (4- 
(a)  For  fixed  flap  setting  (and  CL  at  V2)  the  T/W  ratio  is  either  determined  by  the  aspect 
ratio,  or  by  the  wing  loading,  whichever  condition  climb  gradient  or  take-off 
distance  is  critical. 

For  optimum  C,  at  V2  the  T/W  ratio  depends  primarily  on  the  span  loading  m  /b  .  Many 
other  detailed  design  studies  confirm  this  observation.  to 

A  high  CL  is  not  always  desirable  for  take-off:  equation  (4-18)  emphasizes  the  im¬ 
portance  of  a  high  lift-dependent  drag  factor  E.  Obviously,  it  should  be  verified  that 
the  optimum  CL  according  to  (4-17)  is  compatible  with  the  high-lift  system  performance 
limits. 

The  optimum  CL  at  V2  does  not  necessarily  correspond  to  the  condition  where  the  mini¬ 
mum  engine-out  climb  gradient  forms  the  limit. 
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5.  WING  AREA  AND  ASPECT  RATIO  VARIATIONS  FOR  TURBOFAN  AIRCRAFT 

The  subject  of  this  chapter  refers  back  to  step  fa)  of  options  3  and  4  dealt  with  in 
Section  2.2.  The  design  cruise  Mach  number  will  be  assumed  invariant  in  the  following 
analysis.  This  allows  us  to  concentrate  on  the  payload  fraction  as  the  Figure  of  Merit, 
and  to  assume  that  the  wing  sweepback,  thickness/chord  ratio  variation  and  taper  ratio 
are  constant. 


5. 1  The  lift/drag  ratio 

Wing  area  (or  wing  loading)  and  aspect  ratio  variations  are  directly  felt  in  the  drag 
polar,  the  lift  coefficient,  and  hence  in  the  fuel  load.  Associated  variations  are  re¬ 
quired  in  the  tailplane  design  in  order  to  maintain  a  desirable  level  of  stability  and 
controllability , and  in  the  nacelle  drag.  For  limited  excursions  from  a  baseline  design 
the  drag  polar  variation  may  be  represented  as  follows  (Ref. 14,  Ch.  7). 
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Cop  is  primarily  wing  profile  drag  (including  drag  rise) ,  but  it  includes  also  the  tail- 
plane  drag  area  proportional  to  wing  drag  area.  The  fixed  drag  area  Fq  is  primarily  the 
fuselage  drag  area  plus  the  invariable  tailplane  drag  area  that  is  considered  dependent 
on  the  fuselage  size.  In  the  case  of  specified  engines  the  nacelle  drag  area  is  included 
in  Fd,  for  variable  engines  eq.  5-1  represents  the  airframe  drag  only  while  powerplant 
installation  drag  is  accounted  for  as  an  effective  thrust  and  efficiency  loss  (Section 
4.1).  The  last  term  of  (5-1)  represents  the  induced  drag  at  the  design  Cj,,  assuming  that 
wing  camber,  twist  and  wing  setting  are  optimized  for  each  CL. 

Fig.  11  shows  the  variation  of  L/D  with  wing  loading  and  altitude  for  an  example  airliner 
design.  For  specified  altitude  and  Mach  number  (hence  q)  the  maximum  L/D  is  obtained  for: 
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defining  the  maximum  L/D  value. 
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The  optimum  induced  drag  coefficient  appears  to  be  equal  to  CD  ,  and  the  higher  the  aspect 
ratio,  the  higher  L/D.  An  optimum  altitude  is  not  found  from  (S-3)  but  in  the  case  of 
fixed  engines  the  cruise  altitude  is  limited,  and  the  highest  L/D  thus  achievable  amounts 
to: 


The  related  "optimum"  wing  area  follows  from: 
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CDp  S  -  *  (T/q  -  Fd)  (5-5) 

and  the  maximum  altitude  is  given  by: 

qmin  =  2W  ApAA*  /  <T'q  -  Fd>  l5'6> 

Fig.  11  shows  that  the  "optimum"  wing  loading  for  the  thrust  limited  case  decreases  with 
increasing  T/W  ratio  available,  while  the  L/D  ratio  is  more  sensitive  to  the  wing  loading 
than  in  the  case  of  a  specified  altitude.  Due  to  the  cancelling  effects  on  C.-ref  and  on 
the  cruise  altitude  of  aspect  ratio  variation  the  wing  area  according  to  (5-5)  is  not 
affected  by  the  aspect  ratio,  as  opposed  to  the  trend  indicated  by  (5-2)  .  In  any  wing 
optimization  study  the  cruise  altitude  is  therefore  an  essential  parameter.  Totally 
different  conclusions  can  be  obtained  when  the  cruise  altitude  is  specified  or  variable, 
or  when  the  engines  are  either  specified  or  scaled  up  to  match  the  drag. 

5.2  Aircraft  mass  breakdown 
(a)  Empty  mass  variation 

The  sensitivity  of  the  empty  mass  can  be  obtained  from  a  detailed  account  of  all  relevant 
elementary  contributions  for  a  baseline  or  reference  design  with  known  (estimated)  mass 
breakdown.  Most  variations  can  be  linearized  w.r.t.  A  and  S,  provided  the  variations  from 
the  baseline  are  not  too  large.  A  typical  result  for  the  operating  empty  mass  is: 
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The  max.  cruise  altitude  does  not  appear  in  this  expression,  but  may  be  accounted  for  by 
addition  of  a  term  proportional  to  the  cabin  pressure  differential.  The  term  mra« 
comprises  most  of  the  fuselage  and  vertical  t allplane  structure,  systems,  payload  accommo¬ 
dation  and  operational  items,  and  a  contribution  originating  from  the  wing  structural  mass 
linearization.  Its  magnitude  will  appear  to  be  insignificant  for  the  present  optimization 
study.  The  first  bracketed  term  of  (5-7)  summarizes  elements  of  the  structure  with  masses 
proportional  to  the  MTOW,  such  as  the  undercarriage.  Wing  structure  is  sensitive  to  the 
Zero  Fuel  Weight  (ZFW)  and  its  mass  variation  can  be  accounted  for  by  adding  terms  propor¬ 
tional  to  mpe  and  the  maximum  payload. 

The  second  bracketed  term  is  the  powerplant  installation  and  nacelle  mass,  while  the  last 
two  terms  reflect  the  sensitivity  to  wing  area  and  aspect  ratio  variation  of  the  wing  and 
tailplane  structural  mass; 
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2 

Typical  values  are  80%  of  the  specific  wing  mass  (kg/m  )  for  4S  and  0.012  to  0.015  for 
(<A,  for  conventional  structural  design. 

(b)  Fuel  mass 

The  fuel  can  be  subdivided  into  quantities  required  to  cancel  the  fixed  drag  area  and  the 
wing-associated  drag  over  the  equivalent  range  R: 
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6.3  Optimum  wing  for  given  altitude 

The  payload  fraction  is  obtained  by  adding  the  payload  mass  to  (5-7)  and  (5-9) : 
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where  the  engines  are  assumed  to  match  the  cruise  drag. 

Equation  (5-10) shows  the  effects  of  all  variables  involved.  Curves  of  constant  payload 
fraction  in  the  C^-A  field  can  be  calculated  directly  with  it,  as  exemplified  in  Fig.  12. 
Instead  of  the  wing  loading,  the  parameter  Cl/Cl  f  according  to  eq.  5-2  has  been  used, 
which  makes  the  figure  symmetrical  on  a  log-log  Scale  about  a  vertical  axis  given  by  the 
first  criterion  in  the  table.  This  table  also  summarizes  the  expressions  for  the  optimum 
aspect  ratio  (given  CL)  and  for  the  unconstrained  optimum  CL  and  aspect  ratio.  The  latter 
is  conveniently  summarized  in  the  form  of  an  optimum  ratio  of  induced  drag  to  lifts 
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A  simple  result  is  then  obtained  for  the  maximum  payload  fraction  for  given  cruise  con¬ 
ditions: 

5e1  ,  1  -  lu  *  3FP  c^opt/(,fAopt,p)  i  (5_12) 

mt0  1  +  mref/Blpl  +  FP  9/9 

with  Cr-nt  and  Agpt  defined  by  (5-11).  The  following  conclusions  are  now  evident: 

(a)  Thepoptimum  variable  mass  of  structure,  powerplant  and  fuel  associated  with  wing 
design  variation  is  equal  to  three  times  the  fuel  and  engine  mass  required  to  balance 
the  induced  drag. 

(b)  For  given  altitude  the  wing  design  can  be  optimized  without  regard  to  the  reference 
mass  and  the  fixed  drag  area. 

Some  other  conclusions  that  can  be  found  from  numerical  examples  are: 

(a)  The  unconstrained  optimum  CL  is  almost  independent  of  the  range,  contrary  to  Appf 
which  increases  considerably  with  range. 

(b)  The  payload  fraction  is  much  more  sensitive  to  non-optimum  choice  of  wing  area  than 
it  is  to  aspect  ratio. 

(c)  Practical  limits  on  m.  /S,  C.  and  A  associated  with  buffet  margin  limits,  wing  volume 
requirements  for  fuel,  low- speed  performance  limits  and  aero-elastic  effects  lay  more 
emphasis  on  the  partial  optima  for  Cg,  and  A  as  indicated  by  the  boundaries  in  Fig.  12. 


5.4  Cruise  altitude  variation 

Equation  4-l6  provides  the  basis  for  determining  the  sensitivity  to  design  altitude.  Fig. 
13  gives  an  example  of  calculated  payload  fraction  contours  for  given  aspect  ratio  and 
variable  altitude  and  CL.  Contrary  to  Fig.  12  the  gust  load  factor  is  considered  variable 
with  mainly  the  wing  loading,  resulting  in  different  numerical  values  for  in  the  cases 
of  critial  manoeuvre  and  gust  loads.  From  the  general  unconstrained  optimum  solution  it  is 
concluded  that: 

(a)  the  optimum  C.  is  not  very  sensitive  to  range,  size  of  the  aircraft,  etc.; 

(b)  the  best  wing  loading  decreases  with  increasing  range,  and  therefore  the  optimum 
altitude  will  increase; 
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(c)  large  aircraft  (with  high  mto/F[})  should  have  high  wing  loadings; 

(d)  high  Mach  numbers  and  high  aspect  ratio  wings  require  high  cruise  lift  coefficients, 
wing  loadings,  and  altitudes; 

(e)  reductions  in  wing  profile  drag,  structural  mass  and  engine  specific  weight  result 
in  lower  optimum  wing  loadings,  unless  they  are  applied  in  combination  with  higher 
aspect  ratios. 

A  numerical  example  (Fig.  14)  illustrates  that  aspect  ratio  variation  does  not  pay 
as  much  as  wing  loading  optimization.  The  unconstrained  optimum  is,  however,  not 
sensitive  to  altitude  and  usually  an  aerodynamic  limit  on  Cl  constrains  the  prac¬ 
tical  design. 


5.5  The  case  of  specified  engines 

All  the  results  given  in  Sections  5.3  and  5.4  are  still  valid,  provided: 

(a)  the  powerplant  installation  and  nacelle  mass  are  added  to  the  reference  mass, 

(b)  the  engine  efficiency  refers  to  the  net  installed  thrust, 

(c)  the  powerplant  installation  drag  area  is  included  in  F  , 

(d)  C.  is  taken  equal  to  zero  everywhere,  hence 


The  results  summarized  in  Fig.  12  can  be  combined  in  order  to  find  the  unconstrained  op¬ 
timum.  Since  the  engine  rating  is  variable,  it  has  to  be  verified  that  the  drag  does  not 
exceed  the  max.  cruise  thrust.  This  can  be  translated  into: 
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The  optimum  wing  loading  and  aspect  ratio  are  lower  than  in  the  case  of  a  variable  engine 
size. 


5 . 6  Engines  sized  for  take-off  performance 
The  payload  fraction  for  this  case  is  given  by: 
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The  T/W  ratio  is  given  by  (4-13)  or  (4-18). 

Figures  15a  and  15b  show  contours  for  constant  payload  fraction  for  fixed  and  optimum  Cl 
at  V,  resp.  Apart  from  the  usual  constraints,  the  maximum  recommended  cruise  thrust  must 
not  be  exceeded.  This  condition  is  given  by  eq.  5-13. 

The  following  conclusions  can  be  drawn  from  Fig.  15. 


(a)  Constant  CL  at 

Conditions  for  optimum  Cl,  mtc/s  and  A  “  summarized  in  Fig.  15a  -  are  all  lower  than  in 
the  case  of  engines  sized  toccruising  because  the  engine  thrust  increases  progressively 


with  the  wing  loading  when  field  performance  is  fixed. 

(b)  Optimum  C  at  V.. 

Fig.  15b  shows  that  the  unconstrained  optimum  wing  loading  is  higher,  and  the  optimum 
cruise  altitude  lower  than  in  the  previous  case,  although  the  difference  in  the  payload 
fraction  for  the  constrained  optimum  is  insignificant  for  the  present  example.  Therefore 
other  considerations  may  become  important,  such  as  difference  in  installed  engine  thrust 
cruising  rating,  and  altitude.  Optima  for  C,  and  the  wing  loading  can  be  derived  from 
(5-14)  by  means  of  geometric  programming  techniques;  they  will  not  be  presented  here. 

The  optimum  aspect  ratio  for  given  C^  and  wing  loading  is  obtained  from: 
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Comparing  this  result  with  Fig.  12  (curve  II)  it  is  found  that  a  higher  optimum  value  is 
obtained  as  compared  to  the  case  of  engines  sized  for  cruising.  Aero-elasticity  limits 
may  well  impose  decisive  constraints. 


6.  CONCLUSING  REMARKS 

(a)  Although  the  examples  in  this  paper  are  based  on  a  specific  baseline  design,  all 
criteria  presented  are  completely  general  and  applicable  to  any  transport  aircraft. 
The  large  variations  in  the  parameters  shown  are  not  realistic,  but  they  have  been 
maintained  in  order  to  demonstrate  the  trends. 

(b)  The  equations  for  the  payload  fraction  and  the  local  optima  can  be  refined,  if 
necessary,  without  setting  up  the  formulae  presented.  For  example,  the  effects  of 
aspect  ratio  variation  on  the  wing  profile  drag  coefficient  (through  Reynolds  number 
variation)  appears  to  be  equivalent  to  an  increase  in  the  factor  (5.  and  a  reduction 
of  Cq  .  For  the  example  in  Fig.  12  the  unconstrained  optimum  A  is  then  reduced  by 
about”s% . 

(c)  All  relationships  presented  can  be  manipulated  easily  to  suit  most  of  the  feasible 
program  structures.  Besides  the  payload  fraction,  criteria  can  be  derived  for 
minimum  fuel  or  maximum  production  for  given  engines,  etc.  This  enables  one  to  find 
the  sensitivity  of  the  conceptual  optimum  design  to  variations  in  the  specification 
items,  technological  advances  and  different  merit  functions. 


(d)  A  simple,  flexible, and  effective  computer  program  for  conceptual  design  can  be  based 
on  it,  which  optimizes  aircraft  by  solving  a  set  of  simultaneous  algebraic  equations 
Such  a  program  can  be  used  as  a  first  iteration  step  for  more  complex  programs,  as  a 
subroutine  for  interactive  graphics  CAD  systems,  or  as  a  stand-alone  program  for 
top-desk  mini-computers. 

(e)  It  is  concluded  that  the  proposed  methodology  gives  a  clear  insight  into  the  design 
problem  structure,  is  adaptable  to arbitrary  design  ground  rules  and  different  data 
bases,  and  as  such  is  truly  a  designer's  approach.  Since  the  trade-off  between  cost 
and  technological  advances  is  present  in  the  equations,  management  decisions  cam  be 
supported  by  its  use. 
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OVERALL  ECONOMICS: 


•  RETURN  ON  INVESTMENT  (ROD 

•  PROFIT  MARGIN 

•  LIFE  CYCLE  COST  (MILITARY I 

•  PROFIT  POTENTIAL/PRODUCTIVITY* 

OPERATING  COST: 

•  OIRECT  OPERATING  COST  (DOC) 

•  TOTAL  OPERATING  COST  (D6C  +  I0C) 

WEIGHT  FRACTIONS: 

•  PAYLOAD/MTOW 

•  PAYLOAD/OEW,  OR  OEW/MTOW 

•  FUEL  USED  PER  KM/PAYLOAD,  OR  FUEL/MTOW 

•  PAYLOAO/ TAKE-OFF  THRUST,  OR  T/W 

OTHER  CRITERIA: 

•  PERFORMANCES  (MISSIONS,  FIELD  LENGTH . ) 

•  EXTERNAL  NOISE 

•  COMPOUND  CRITERIA** 


'sometimes  referred  to  ee  “economic  efficiency" 

**  example:  DOC  +  factor  x  field  length 

Fig.  Is  Figures  of  merit  in  aircraft  design 


*  dotted  DOC  curves:  no  field  constraint 

Fig.  3:  Effect  of  field  length 
constraint  on  DOC 


INCREASING  BLOCKSPEED 


Fig.  2i  Economic  value  of  blockspeed 
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Fig.  ils  Altitude  and  wing  loading  effects  on  the  lift/drag 
ratio 
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CRUISE  ALTITUDE 

Fig.  14 <  Constrained  and  unconstrained  optimum  cruise 
altitudes 
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Survey  Paper  on  COMPUTER  AIDED  DESIGN 

Review  of  the  S.M.P.  Specialists'  Meeting  on 
"Computer  Aid  in  the  Production  Design  Office" 

by 

D.  Weinhauer 

Chief  of  airframe  design 
VFW-Fokker  GmbH 
Postfach  107845 
2800  Bremen  1 
West  Germany 


This  paper  has  been  entitled  -  Survey  Paper  on  Computer  Aided  Design  -  but  it  is 

purely  a  Survey  and  Review  of  the  S.M.P.  Specialists  Meeting  on  "Computer  Aid  in  the 

Production  Design  Office".  As  to  me,  it  seems  to  be  nearly  impossible  to  reach  a  total 
survey  about  the  theme  of  CAD /CAM  today. 

Even  though  this  rather  young  development  is,  at  least  on  the  European  scene,  on 
its  real  way  to  become  a  -  state  of  the  art  -  tool  for  designers,  the  short  period  of 
about  10  to  15  years  has  already  been  long  enough  to  distribute,  split  and  verify  soft¬ 
ware  development  so  widely  that  it  is  hardly  possible  to  get  an  overlook. 

At  the  S.M.P.  we  have  had  some  pilot  papers  to  find  out  the  topic  to  be  handled 

during  the  Specialists  Meeting.  According  to  a  paper  presented  by  Mr.  W.  Norman,  McDon¬ 
nell  Douglas  Aircraft  Corp. ,  St.  Louis,  USA,  the  situation  in  the  USA  seems  to  be  such 
that  CAD,  CAM  already  represent  the  state  of  the  art  design  methodology  widely  spread 
all  over  the  main  aircraft  manufacturers.  Compared  to  that,  we  have  the  impression  that 
the  European  market  shows  quite  a  different  picture.  Therefore  the  S.M.P.  Specialists 
Meeting  has  been  outlined  mainly  to  show  up  what  is  going  on  in  Europe,  especially  due 
to  the  fact  that  all  main  aircraft  developments  in  Europe  (as  e.g.  MRCA,  Jaguar,  Alpha- 
Jet  and  Airbus)  are  of  multi-national  character.  In  order  to  this  data  exchange,  design 
commonality  and  international  cooperation  are  of  quite  an  interest. 

We  have  had  papers  from  France,  England,  Italy  and  Germany.  Specialists  and/or  re¬ 
presentatives  from  well  known  companies  as 

°  Aerospatiale,  Marignane 

°  Avions  Marcel  Dassault 

*  British  Aerospace 

°  British  Computer  Aided  Design  Centre,  Cambridge 

0  Aeritalia 

°  Messerschmitt-BOlkow-Blohm 

°  VFW-Fokker 

reported  about  their  individual  position  reached  up  to  date.  I  don't  want  to  record  de¬ 
tails  or  summaries.  All  papers  have  been  printed  and  published  in  January  1979  by  AGARD 
CONFERENCE  PROCEEDINGS  No.  250  and  may  be  reread  from  this  publication. 

As  a  conclusion  of  the  Specialists  Meeting  I  just  want  to  highlight  some  results, 
statements  or  perspectives  of  common  interest. 

a.  In  many  places  in  Europe  remarkable  steps  in  developing  and  introducing  of  CAD/ 
CAM  have  been  taken  by  companies  on  their  own  initiative.  The  level  reached  so 
far  varies  highly  and  the  degree  of  commonality  in  the  sense  of  the  NATO-common 
defence  posture  and  the  common  benefit  of  the  NATO  community  is  poor! 

b.  There  is  no  doubt  about  the  need  for  this  new  Design  Methodology  as  a  multifunct 
ional  tool  for  decreasing  lead  times  and  cost  as  well.  Despite  this  fact,  it 
has  to  be  realized  up  to  now  that  a  broad  and  genuine  breakthrough  has  not  taken 
place. 

c.  There  is  no  question  about  the  efficiency  of  CAD/CAM  in  general. 

Even  though  there  are  no,  or  only  a  few  precise  figures  or  results  of  investi¬ 
gations  available  so  far,  drawing  time  itself  can  generally  be  cut,  but  it  was 
well  understood  by  all  participants  that  beside  this  the  main  impact  is  achie¬ 
vable  downstream  of  the  design  process. 

Mr.  Dyson  from  British  Aerospace  formulated  it  like  this:  "The  return  from 
computer  systems  in  the  conceptual  design  phase  is  not  likely  to  result  in 
lower  costs,  but  will  result  in  improved  designs  that  provide  a  better  position 
for  the  company  in  competition  for  new  development.  Less  time  spent  in  non- 
creative  tasks  presumably  means  more  resources  for  creative  tasks. 
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In  individual  cases 

*  design  cost  can  be  reduced 

°  design  and  product  performance  improved 

•  productivity  enhanced  and 

°  lead  time  for  design  of  prototypes,  pre-production  and  production  reduced. 

These  gains  result  both  from  improved  efficiency  within  each  phase  and  from 
the  fact  that  the  output  from  the  process  supporting  one  design  phase  is  used 
as  input  to  the  next  phase.  This  ability  to  cascade  computer  systems  is  of  the 
greatest  significance. 

d.  Also  a  lot  of  discussion  time  was  spent  on  the  questions  dealing  with  3-D- 
Systems  and  the  opinions  about  host  computer  versus  distributed  design  compu¬ 
ters.  A  final  statement  or  trend  analysis  was  not  reached!  The  discussion  is 
still  going  on! 

The  software  specialists  seem  to  be  well  prepared  to  take  the  next  steps  ahead 
before  the  state  of  the  art  reached  by  now  is  fully  adopted  by  the  majority  of 
the  users  who  are  just  about  to  check  the  possibilities  and  potentials  of  this 
new  design  tool  offered  to  them.  (This  statement  is  related  indeed  to  the  Euro¬ 
pean  situation  only.) 

e.  Authors  and  participants  at  the  S.M.P.  Specialists  Meeting  expressed  their 
interest  and  readiness  for  follow-on  activities  for  which  especially  AGARD 
forms  an  outstanding  platform  because  of  its  non-competitive  status. 

Therefore,  as  a  result  of  the  meeting,  the  following  proposals  for  future  activi¬ 
ties  have  been  raised  in  order  to  reach  a  higher  degree  of  commonality  within  the  NATO 
countries  in  this  field. 

1.  The  common  development  of  a  specification  for  a  realistic  3-D-System  related 
to  the  users'  requirements. 

It  seems  that  in  various  places  activities  are  just  being  started.  It  could 
be  of  interest  as  well  as  of  assistance  to  those  people  engaged  in  this  work 
to  get  an  international  crosscheck. 

2.  Common  development  of  an  Interface  specification  to  enable  data  transfer  be¬ 
tween  design  offices  of  different  nations  and/or  companies. 

This  should  be  done  without  touching  the  already  existing  company  internal 
basic  systems  and/or  individual  modules. 

3.  Common  development  of  a  specification  for  design-specific  data  bases  (e.g. 
standards) . 

Everybody  needs  it  and  every  one  grudges  the  expense.  This  could  perhaps  be 
overcome  by  sharing  the  job  between  a  number  of  partners  and  putting  together 
the  results. 

Nevertheless  it  has  been  decided  at  the  S.M.P.  Panel  to  wait  for  the  results  of 
the  todays  F.M.P.  Specialists  Meeting  and  not  to  start  new  actions  before  checking 
weather  or  not  there  are  common  interests  and  to  be  frank  and  open  for  hopefully  com¬ 
mon  interpanel  activities. 
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Computer  Graphics  and  related  Design  Process  at  NBB 

by 

Volkmar  Anti 
and 

Werner  Weingartner 
Messerschmitt-Bolkow-Blohm 
Postfach  80  111  09 
8000  Miinchen  80 
Germany 


Summary 

This  paper  is  a  short  description  of  the  complex  CAD/CAM  process  how  it  is  realized  at 
MBB.  First  there  are  given  some  examples  of  using  computer  graphics,  then  a  brief 
description  of  the  main  system  functions  and  at  last  a  survey  of  the  entire  MBB-CAD/CAM 
concept . 
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1.  Preface 


At  MBB  GEOLAN  is  used  in  all  cases  of  sculptured  surface  problems.  This  program-system 
was  developed  in  our  company  and  is  permanently  expanded  and  improved. 

GEOLAN  means:  GEOmetric  LANguage. 

GEOLAN 

is  larqely  analogous  to  APT  (Automatic  Programmed  Tool)  in  syntax  and  logic 
is  meantime  programmed  in  FORTRAN  (FORmula  TRANSlation)  and  so  easy  to  implement  in 
most  of  the  EDP-systems  (already  used  on  IBM  and  DEC) 

is  able  to  immediately  display  geometric  objects  by  using  a  graphic  storage  tube 
(TEKTRONIX) 

GEOLAN  is  used  at  MBB  in  the  three  divisions  military  aircraft,  civil  aircraft  and 
helicopters 

GEOLAN  is  able  to 

define  geometric  objects  (e.  g.  points,  lines)  largely  similar  to  APT,  but  with 

considerably  extended  3-dimensional  facilities 

execute  several  operations  with  the  pre-defined  objects: 

o  sliding  and  rotating  in  space 

o  smoothing  lines,  change  point-spacing 

o  combine  and  part  of  lines  and  surfaces 

o  intersect  surfaces  with  planes  and  other  surfaces 

o  display  the  objects  on  a  graphic  screen  and  produce  plots;  for  example  in  a 
perspect  view  or  only  parts  of  the  geometric  objects 
o  output  of  surface  data  in  an  APT -Canon  format 

o  output  all  results  in  an  desirable  format  on  punched  cards  or  magnetic  tape 
o  extract  data  for  finite-element  and  aerodynamic  calculations 


2.  Examples  of  using  GEOLAN  on  realized  projects 

GEOLAN  is  already  in  use  since  some  years.  Depending  on  the  different  jobs  there  have 
been  cases,  where  a  whole  aircraft,  and  other  cases,  where  only  a  surface  for  a  wing 
was  developed. 

The  following  examples  shall  be  briefly  described. 


2.1  Airbus  A  300  -  see  Picture  1 

By  developing  of  the  first  European  wide-body-jet ,  the  Airbus  A300,  CAD  was  used  in  a 
high  degree  and  from  the  beginning. 

One  of  the  most  typical  application  was  the  scale  1:1  drawing  of  the  frame-segments 
including' clips,  stringers  and  skin-overlappings.  The  principle  of  the  clip-contour  was 
always  the  same,  but  the  size  depending  on  the  position  of  the  stringers  was  different, 
see  Picture  2 

These  drawings  have  been  completely  plotted  and  this  was  the  first  important  use  of  a 
large  flatbed-plotter  at  MBB  in  1970. 

The  clips  have  been  manufactured  direct  from  the  lofted  foil. 
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2.2  BO  105  -  see  Picture  3 


The  BO  105  is  a  light  multi-purpose  helicopter  in  the  class  around  of  2  tons  with 
5  seats  and  is  used  for  transport  of  seriously  injured  people  for  example. 

Within  the  continous  running  series  of  types  it  was  necessary  to  re-design  the  hull  of 
the  backwards- (upper) fuselage,  because  of  using  new  (stronger)  engines. 

In  this  case  the  most  important  problem  was  the  exact  accomodation  onto  the  existing 
fuselage-contour  and  a  convenient  aerodynamic  covering  of  the  varying  devices.  -  see 
Picture  4 


2.3  BK  117  -  see  Picture  5 

The  multi-purpose  helicopter  BK  117  was  developed  in  cooperation  between  HBB  and 
Kawasaki  Heavy  Industries.  It  can  be  equipped  with  up  to  1 1  seats  and  has  a  payload  of 
around  1200  kg.  The  first  flight  was  on  13th  June,  1979. 

The  aerodynamically  important  stabilizator-system  was  designed  by  using  GEOLAN .  -  see 
Picture  6 

A  special  difficulty  was  in  this  case,  that  the  vertical  stabilizer  fin  had  been  taken 
original  from  BO  105  and  the  other  parts  (of  different  shape)  had  to  be  accomodated. 
Furthermore  a  large  number  of  design-details  had  been  defined  numerically,  for  example 
tips  and  fillet  radii  between  vertical  and  horizontal  stabilizers. 


2.4  DNW  -  see  Picture  7 

DNW  is  a  cooperation  project  between  Germany  and  the  Netherlands.  There  is  built  a 
larqe  low-speed  windtunnel  in  the  Netherlands  and  therefore  a  complex-shaped 
airscrew-blade  was  needed.  -  see  Picture  8 

The  definition  of  the  geometry  had  been  developed  with  GEOLAN  from  the  beginning.  Of 
special  importance  was  the  correct  aerodynamic  shape.  It  was  constructed  from  different 
wing-profiles  with  a  non-linear  law  of  the  shift-angles. 

For  the  manufacturing  in  carbon-fibre-compound  the  fullscale  drawings  had  been  plotted, 
and  for  adjusting  of  fixtures  and  control-measurement  a  lot  of  point-coordinates  had 
been  calculated. 


2.5  WEA  -  see  Picture  9 

In  the  case  of  a  wind  energy  converter  there  was  reached  a  new  class  of  extension  for 
wing-shaped  objects.  This  two-blade  rotor  of  around  150  metres  diamter  shall  be  able  to 
produce  an  electric  power  of  3  Megawatts. 

This  project  is  sponsored  by  the  German  Ministry  of  Research  and  Technology  and  shall 
be  installed  in  the  vicinity  of  Hamburg.  It  will  be  used  for  exploration  of  new 
pollution-free  energy  production  systems. 

Additionally  to  the  very  large  dimensions  and  the  complex  shape  of  the  wing-blades  the 
problem  of  developing  the  surface  arose  in  this  case,  since  the  product  ion- fixtures 
will  be  built  from  parts  of  metal  sheets.  This  problem  has  been  solved  by  new  generated 
CAD-methods.  -  see  Picture  10 
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2.6  Fiqhter 

The  military  aircraft  Division  at  MBB  Ottobrunn  is  working  on  several  studies  for  new 
fighters. 

Starting  with  simple  drawings  scale  1:10  there  have  been  developed  several  fuselage- 
and  wing-lofts  by  means  of  GEOLAN.  By  using  foreground-time-sharing  operation  and 
interactive  graphic  display,  it  was  possible  to  produce  drawings  for  the  pre-design  in 
a  very  short  time. 

Furthermore  -  first  time  in  this  case  -  geometric  data  defined  by  GEOLAN  had  been 
converted  to  an  APT-CANON  and  then  with  CAM-I-APT  there  was  produced  a  scale  1:7 
windtunnel  model  of  a  complete  wing. 

At  present  this  project  is  in  further  development.  Herewith  problems  arose,  which  have 
been  unknown  until  today;  for  example  the  calculation  of  a  development-curve  of  a  small 
(fiber-)  tape  on  a  sculptured  surface.  Such  problems  can  be  solved  in  a  comparatively 
short  time  with  the  already  working  software-production  team. 
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3.  Description  of  GEOLAN 


3.1  Characterization  of  Functions 

The  logic  execution  of  GEOLAN  is  similar  to  APT,  i.  e.  the  operations  are  controlled  by 
statements  within  the  input  data  stream,  which  are  executed  sequentially. 

The  statements  are  of  the  following  forms: 

1.  name  »  expression 

2.  keyword  /  parameter  (parameter  ...) 

3.  name  “  Keyword  /  parameter  (parameter  ...) 

For  example: 

Li  =  SPSCS  /  50,  30,  0,  100,  50,  0,  150,  100,  0 

-  LI  is  the  name  of  the  geometric  object,  here  a  spline. 

-  SPSCS  is  the  keyword  which  is  used  to  define  the  type  of  object  and  the  method  of 
description,  here  a  spline  by  goints,  slopes  and  cross-slopes. 

-  50,  30,  0  ...  are  the  parameters,  in  this  case  the  point  coordinates  to  build  up  the 
spline. 

The  type  1  of  statement  is  used  for  arithmetical  calculations. 

The  type  2  switches  on  or  off  some  distinct  fuctions,  for  example  additional  output  of 
results  at  the  terminal. 

The  type  3  is  the  most  used  from  and  serves  as  definition-statement  for  all  types  of 
objects  and  also  for  operations  therewith.  The  geometric  object  gets  the  name  of  the 
character  string  left  from  equal-sign  and  is  defined  to  be  a  type  depending  on  the 
keyword.  The  parameters  are  interpreted  using  a  law  derived  also  from  the  keyword.  The 
data  results  of  this  operation  are  stored  for  later  use  by  specifying  simple  the  name 
of  the  object  within  another  statement's  parameterlist. 

GEOLAN  usee  for  storage  of  the  geometric  datga  two  so-called  workfiles  (on  disc)  and 
optional  several  archive-files  (discs  or  tapes).  As  source  of  input  data  stream  there 
is  mainly  used  a  file  on  a  disc  which  is  created  by  using  some  edit  methods.  Usage  of 
punched  cards  and  other  data  carriers  are  dependent  on  the  available  hardware. 


At  MBB  GEOLAN  is  preferable  used  under  time  sharing  operation  system  direct  on 
a  screen.  With  this  foreground-processing  it  is  possible  to  watch  the  proceeding  and  to 
immediately  recognize  any  errors. 


Furthermore  it  is  possible  to  enter  the  GEOLAN-statements  in  an  interactive  way  on  the 
screen,  look  for  the  result,  and  then  decide  what  to  do  next. 

GEOLAN  is  also  able  to  produce  graphic  display  of  geometric  objects.  To  do  this,  a 
suitable  statement  (for  example  PROJEC)  is  used  to  produce  a  close  spaced  sequence  of 
points  in  two  dimensions  out  of  the  three-dimensional  objects. 

These  picture  data  are  stored  on  a  disc-file  and  it  is  further  possible  to  produce  some 
types  of  output  by  using  a  postprocessor  for: 

-  drum  plotter  (CALCOMP) 

-  flatbed  plotter  (KONGSBERG) 

-  graphic  storage  tube  (TEKTRONIX) 

Another  feasibility  is  to  use  the  graphic  screen  for  inputting  the  GEOLAN  statements 
direct  via  the  keyboard  and  then  not  only  achieve  calculated  results,  but  also  graphic 
display  everytime  when  a  picture-producing  statement  is  used.  These  pictures  are  stored 
on  a  temporary  file  and  within  the  following  proceeding  it  is  possible  to  add  some 
(partials)  to  a  complete  picture  or  to  erase  others.  Finally  it  can  be  decided  whether 
to  store  the  pictures  on  a  permanent  file  or  not.  The  complete  flow  in-  and  output  data 
as  well  as  the  possibilities  of  used  hardware  are  shown  on  schema  1. 


Schema  1  GEOLAN  data  flow 


TSO 


BATCH 


WORK  DATA  SETS 
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3.2  A  complete  example 

The  following  example  of  a  entire  GEOLAN-run  will  be  described  to  explain  the  main 
functions. 

1 )  PARTNO  AGARD-EXAMPLE 


2) 

$$ 

3) 

Li 

at 

SPSCS  /  1 0 

t 

10  ,  10  ,  100  ,  10  ,  30 

200 

9 

10  ,  120 

$$ 

4) 

L2 

= 

SPSCS  /  10 

9 

150  ,  20  ,  S,  0.3  ,  0  ,  1  ,  100  ,  200  ,  120 

250 

9 

170  ,  140 

$$ 

5) 

SI 

- 

MSCS  /LI  , 

2 

,0,1, 1, 6,  L2, 3, 0,2,1,  0.7 

$$ 

6) 

D1 

= 

MA02Y  /  0  , 

0 

,  0  ,  Z  ,  0.2  ,  0.1  ,  1  ,  X  ,  0.5  ,-1,0 

$$ 

7) 

COSYS  /  D 1 

$$ 

8) 

11 

31 

POIPLM  /  Y 

9 

80  ,  SI 

12  =  POIPLM  /  Y  ,  150  ,  SI 
COSYS  /  BASIC 

9)  01.2  =  SPCM  /  Si  ,  0  ,  1.2 
01.4  =  SPCM  /Si  ,  0  ,  1.4 


$$ 


10)  TRASET 

/ 

0  , 

0  , 

0  , 

300 

PROJEC 

/ 

YZ 

,  SI 

TRASET 

/ 

0  , 

0  , 

300 

,  300 

PROJEC 

/ 

XZ 

,  Si 

TRASET 

/ 

0  , 

0  , 

300 

,  o 

PROJEC 

/ 

XY 

,  Si 

$$ 

COSYS  /  D1 
NOCROS 

TRASET  /  0  ,  0  ,  150  ,  0 

PROJEC  /  XZ  ,  SI  ,11  ,  12  ,  01.2  ,  01.4  ,  01.6  ,  01.8  ,  $ 

VI. 2  ,  VI. 4  ,  VI. 6  ,  VI. 8  ,  V2.2  ,  V2.4  ,  V2.6  ,  V2.8 
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Description  of  the  statements 

1 .  PARTNO  . . . 

Title  of  job;  the  text  following  ’PARTNO'  is  used  as  headline  on  the  printed  output 
pages 

2.  Double  Dollar-sign:  serves  as  comment-line,  no  program  function 

3.  Definition  of  a  spline  using  three  points  built  up  from  three  coordinates  each 

4.  Spline  as  before  with  addition  of  a  slope  on  point  one 

5.  Creation  of  a  mesh-surface  by  using  the  previously  determined  two  splines;  cross 
slopes  are  added  on  the  second  point  of  the  first  spline  and  the  third  point  of  the 
second  spline 

6.  Definition  of  a  secondary  coordinate  system  (matrix)  out  of  origin  and  two  axis 
vectors 

7.  Switch  on  the  new  system 

8.  Intersection  of  the  surface  with  2  y-constant-planes  in  the  new  system 

9.  Derivation  of  some  intermediate  lines  on  the  surface  for  better  display 

10.  Projection  of  surface  in  three  different  views  and  of  surface,  intersect  line  and 
the  intermediate  lines  in  an  inclined  view,  using  the  above  named  matrix 

See  picture  No.  12 


4.  Usinq  of  GEOLAN-results  in  design  office  and  manufacturing. 

When  the  lofted  surfaces  and  the  system  lines  are  numerical  defined  by  GEOLAN,  all 
needed  informations  for  design  and  manufacturing  can  be  obtained  from  this  base. 


4. 1  Design  office 

For  the  desiqn  of  parts  there  are  mainly  needed  drawn  loft-lines  on  foil.  These  are 
usually  intersection  lines  between  the  concerned  surfaces  and  some  system  planes. 

Very  often  the  thickness  of  skin  is  to  be  subtracted  and  so  an  offset  from  the  outer 
contour  is  to  be  drawn. 

Furthermore  some  other  parallels  to  loft-lines  are  needed  (for  example  for  centre  lines 
of  holes)  and  also  core-lines  (for  example  of  stringers  and  spars)  have  to  be  drawn. 

By  producing  developments  of  sheets  additionally  to  the  intersection  line  also  the 
bevel-angle  is  to  be  calculated  and  to  be  quoted. 

For  indicated  measures  and  other  purposes  sometimes  the  coordinates  of  points  are 
explicitly  needed. 

Always  when  loft-dependant  information  is  needed,  the  designer  will  call  support  of 
loft-department.  Here  he  will  be  advised  which  types  of  information  may  be  suitable  for 
his  problem.  Then  this  drawing  will  be 
delivered  into  design  office. 

By  using  time-sharinq  foreground  jobs, 
possible  to  do  a  normal  task  in  one  to 


produced  by  using  GEOLAN  and  the  result  is 

plotter  and  graphic  screen,  it  is  generally 
three  days. 
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4.2  Manufacturing 

The  geometric  data  created  with  GEOLAN  are  also  used  for  manufacturing,  but  for  this 
purpose  there  are  often  needed  other  and/or  more  information  as  for  design.  To  provide 
these  informations,  each  drawing  bears  a  note  which  points  to  the  concerned  surfaces. 
The  necessary  data  for  manufacturing  are  demanded  from  the  loft-deparr.ment,  when  the 
drawing  reaches  the  factory. 

For  normal  manufacturing  often  some  additional  intersect  lines  are  required;  sometimes 
it  is  possible  to  replace  parts  of  surfaces  by  planes  or  cylinders.  The  factory  and  the 
loft-department  cooperate  to  clarify,  where  such  simplification  is  possible;  then  the 
data  for  measure  the  planes  etc.  are  generated. 

For  parts  from  metal-sheet  additional  lofted  foils  are  often  needed.  These  drawings  are 
plotted  and  can  be  photo-copied  on  the  metal  sheet.  This  may  be  used  as  master  for 
production. 

For  NC  (Numerical  Control)  manufacturing  it  is  possible  to  output  intersect  data  as  row 
of  points  but  also  entire  surfaces  as  APT-CANON.  This  geometry  is  given  on  a  data 
carrier  to  the  factory,  where  it  will  be  used  to  create  NC-programs  by  using  APT  or 
CAM- I -APT. 

For  control  measurement  and  other  purposes  often  explicit  point  coordinates  are 
calculated. 

Occasionally  for  special  production  methods  or  fixtures  some  extra  surfaces  must  be 
created. 

All  of  the  needed  informations  and  data  are  produced  by  using  the  original  GEOLAN-data. 


5.  GEOLAN  within  the  CAD/CAM  concept  at  MBB 

GEOLAN  is  only  a  part  of  a  CAD/CAM  (Computer  aided  design/computer  aided  manufacturing) 
project  at  MBB,  which  is  planned  for  EDP  support  of  the  design  office  and  a  few  special 
manufacturing  departments. 

5.1  Contents  of  CAD/CAM  concept 

In  this  CAD/CAM-pro ject  a  lot  of  problems  which  have  geometric  aspects  are  gathered 
until  now.  The  main  topics  are: 

-  Master  dimension:  development  of  GEOLAN  and  interface  to  other  systems  using 
loft-data 

-  CAPAM :  implementation,  adaption  and  development  of  Lockheed's  CADAM-system  for 
production  of  drawings 

-  NC :  development  of  systems  for  the  use  of  geometric  data  derived  from  design  for 
Numerical  controlled  manufacturing  (based  on  CADAM,  APT,  CAM-I-APT) 

-  CADAM-EL :  Data  transfer  from  CADAM  drawings 
o  to  administrative  design  data  systems 

o  to  special  calculating  routines  (for  example  areas  of  wire-sections,  lack  of 
electrical  tension) 

o  to  support  of  automated  manufacturing  (wire  plate  press,  cable  bundle  device) 

-  ST:  development  of  finite  element  structures  from  design  data 


-  3D-GE0;  numerical  representation  of  general  three-dimensional  objects  used 
as  a  data  base  for: 

o  investigation  of  collosion  of  movable  parts  and  devices  to  be  built-in 
o  design  of  high-grade  complex  parts  (for  example  NC-frames) 
o  Process  planning 

o  calculating  of  volumes,  areas  and  intersections 

The  connection  of  these  geometric  topics  is  shown  on  the  schema  2. 

5.2  Examples  of  applications 

Some  of  the  CAD/CAM  projects  and  their  interfaces  have  reached  a  stage  of  production 
and  so  the  following  examples  can  be  shown. 

5; 2.1  GEOLAN-NC 
The  pictures  show: 

Pic.  No.  13:  the  numerical  defined  surface  (patches),  created  by  GEOLAN 

Pic.  No.  14:  the  NC-milled  windtunnel-model ,  made  out  of  this  data 

5.2.2  GEOLAN-CADAM 
The  pictures  show: 

Pic.  No.  15:  the  surface  patches  of  the  BO105  helicopter  fuselage,  created  by  GEOLAN 

Pic.  No.  16:  also  GEOLAN-derived  intersection  lines 

Pic.  No.  17:  accomplished  drawing  by  CADAM. 

5.2.3  GEOLAN-ST 
The  pictures  show: 

Pic.  No.  18:  Perspective  view  of  a  proposal  for  a  new  fighter 

Pic.  No.  19:  from  the  wing-geometry  derived  finite  element  structure  (Input  for 
NASTRAN ) 
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COMPUTER  GRAPHICS,  RELATED  DESIGN  AND 
MANUFACTURE  PROCESS  AT  DORNIER 

J. NAGEL,  L.THIEME,  A. HARTER 


Dornier  GmbH 

Postfach  1420 

D7990  Friedrichshafen  1 


1 .  General  View 

ine  outer  contour  of  aircraft  cannot  be  represented  by  simple  mathematical  functions. 
For  this  reason  it  was  formerly  generated  graphically. 

With  the  progressive  development  of  the  computers  numerical  methods  could  be  developed 
and  introduced. 

Dornier  has  developed  a  program  system,  which,  besides  the  APT  possibilities , attaches 
great  importance  to  the  definition  and  machining  of  general  surfaces. 


2.  Substantial  Processor  Features 

-  Programming  in  FORTRAN  IV 

-  Syntax  and  semantics  similar  to  APT 

-  Data  input  and  formal  error  control  on  ON-LINE  screens 

-  Program  run  on  IBM/370  in  batch 

-  APT-compatible  output  (CLDATA) 

-  Various  outputs  (see  fig.  1) 

-  Application  for  5  years. 

3.  Application  in  all  stations  of  a  project 

/ 

3.1.  Aerodynamic  calculations 

-  Input  of  the  data  in  the  computer  in  the  form  of  coordinates  or  functions 

-  Modification  and  smoothing  of  the  profiles  or  surfaces 

-  Transfer  of  the  data  for  aerodynamic  calculations 

-  NC  data  for  wind  tunnel  models  (fig.  2:  Alpha-Jet  fuselage  on  NC  machine, 
fig.  3:  SKF  model  with  fuselage).  The  calculation  of  the  cutter  offset  along 
the  intersection  of  two  surfaces  is  possible. 

3.2.  Outline,  preliminary  design 

-  Supply  of  all  surface  data 

-  Calculation  and  NC  drawing  of  intersections  (fig.  4:  Light  Transport  Aircraft 
drawing) 

-  NC  milling  of  templates  (fig.  5:  LTA  model) 

-  General  calculations:  -  mounting  investigations 

-  investigations  with  regard  to  the  field  of  vision 
(Fig.  6:  LTA) 

-  system  dimensions. 

3.3.  Design 

-  Calculation  and  NC  drawing  of  any  kind  of  intersections  and  unrollings 

-  Partial  design  drawings  (fig.  7:  nose  rib) 

-  Calculation  of  contour-dependent  dimensions. 

3.4.  Tools 

-  NC  drawn  foils  for  light-controlled  machine  (fig.  8:  tool  and  plate) 

-  NC  punched  tapes  for  master  models,  jigs  and  tools  (fig.  9:  air  intake). 

3.5.  Manufacture  of  components 

-  NC  punched  tapes  (example:  finishing  milling  of  a  complete  v;inr:  fig.  10). 

-  Surface  data  in  the  APT  format  for  further  use  in  the  APT. 
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3.6.  Inspection 

-  NC  milled  inspection  templates  (fig.  11) 

-  Inspection  lists  (Surface  data) . 


The  main  field  of  application  for  the  geometry  processor  are  parts  with  difficult 
contours  and  a  relatively  simple  technology.  (Item  3.4.) 

The  cutter  offset  path  is  generated  automatically  with  the  build-up  of  the  surface 
according  to  certain  key  words  and  parameters.  Drive  instructions  are  not  required. 
Program  example  for  the  NC  milling  of  a  surface:  see  fig.  12. 

The  change-over  of  the  processor  from  the  batch  mode  to  a  graphically  interactive  mode 
(Tektronix  screen  with  APL)  is  programmed  and  presently  tested  in  operation. 


I- 


FLOW  DIAGRAM  G3D 


Figure  3 
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COMPUTER  GRAPHICS  AND  RELATED  DESIGN  PROCESSES  IN  THE  U.K. 

by 

R.l.Hacking  -  BAe  Warton 
and  B.  Reuben  -  BAe  Brough 


Introduction 

We  are  now  poised  on  the  threshold  of  the  1980' s  with  aose  20  years  of 
widespread  coaiputer  usage  behind  us. 

The  pace  of  developments  in  coaqputer  hardware  has,  on  the  whole,  been 
astounding.  In  areas  such  as  Integrated  circuitry  and  disk  drives,  the 
change  has  been  sost  marked  with  improvements  of  100  fold  over  the  last 
ten  or  so  years.  In  other  areas  the  pace  has  not  been  so  intense.  In 
particular  the  development  of  graphics  display  devices  has  been  relatively 
slow  over  the  last  decade. 

On  the  software  side,  progress  has  been  more  steady,  not  exhibiting  the 
erratic  development  rate  seen  in  the  hardware  field.  The  moat  striking 
observation  is  that  the  size  of  the  total  problem  increases  exponentially. 

Each  subsystem  in  computer  aided  design  has  become  more  complex  and 
refined  in  itself  and  at  the  same  time  requires  more  powerful  links  into 
parallel  subsystems.  This  is  compounded  by  the  lack  of  higher  level 
concepts  which  would  eliminate  the  need  to  consider  the  fine  detail  of 
these  large  systems.  That  is  to  say,  CAD  is  attacking  problems  on  a 
broader  and  broader  front  and  yet  each  factor  has  to  be  considered  in  a 
more  refined  manner. 

This  cosiplexity  of  the  overall  task  has  meant  that  the  development  rate 
of  a  CAD  program  -  as  with  most  other  computer  programs  is  very  difficult 
to  predict. 

Both  these  factors,  the  erratic  nature  of  hardware  development  and  the 
unpredictability  of  software  isipro vement s ,  have  not  prevented  the  introduction 
of  many  aids  to  aircraft  design.  Computer  solutions  to  many  problems  in 
aircraft  design  and  manufacture  have  been  developed  and  as  time  has  passed 
these  applications  have  been  expanded  in  capability  and  scope  to  becosw 
large  scale  cosiputer  systems.  In  so  doing  the  areas  where  coaiputers  have 
had  little  impact  have  become  high  lighted,  especially  in  the  area  of 
information  transfer  between  different  desciplines.  It  is  in  these  areas 
that  major  gains  are  to  be  made  and  to  which  mammoth  projects  such  as 
NASA's  IPAD  seek  a  solution.  This  coming  together  of  major  coaiputer  systems 
will  be  referenced  in  this  paper,  not  least  in  the  consideration  of  geometrical 
systems  for  the  description  and  analysis  of  flying  surface  shape. 

Geometry 

The  task  of  staking  computer  aided  design  into  an  effective  design  tool  is 
being  attacked  on  two  distinct  fronts.  In  one  case  we  are  interested  in  the 
shape  of  individual  components  and  in  the  other  case  we  are  interested  in  the 
gross  shape  of  the  aircraft.  In  time  the  division  between  these  2  activities 
will  disappear  with  the  Introduction  of  the  total  geometric  configuration 
description.  Whilst  this  is  a  general  statement  of  activity  in  this  field 
there  is  noticeable  differences  in  emphasis  and  technique  being  enq>loyed  by  the 
various  companies. 

To  explain  the  current  situation  within  British  Aerospace,  the  two  activities 
will  be  described  beginning  with  the  description  and  analysis  of  aircraft  gross 
shape. 

The  Description  of  Aircraft  Gross  Shape  Using  the  Numerical  Master  Geometry 
System 

This  is  indeed  a  wide  subject  and  can  only  be  covered  in  out-line.  Firstly 
a  short  history  of  NMG  is  appropriate,  then  I  will  explain  the  usage  of  NMG  in 
3  typical  situations.  That  iss- 

a)  Improved  data  output  to  detail 
design 

b)  System  usage  by  manufacturing 

c)  Transfer  of  data  to  aerodynamics  and  structural 
engineering  departments 

History  of  NMG 

This  shape  description  technique  came  into  existence  in  1965  and  was  first 
used  in  production  in  1968  on  the  Concorde  project.  It  has  been  the  subject 
of  continuous  extension  and  development  which  has  striven  to  keep  pace  both 
with  the  developments  in  computer  hardware  and  with  the  engineering  demands 
of  more  facilities  for  the  minimum  of  manpower. 
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It  was  conceived  as  a  batch  processing  system  relying  on  data  storage  on 
magnetic  tapes  but  has  been  transferred  into  an  on-line  facility  to  match 
the  new  computer  hardware  and  operating  systems.  This  development  has  been 
soundly  based  within  the  requirements  of  the  Tornado  design  and  production 
programme.  Bach  new  feature  or  method  of  usage  has  had  to  pass  the  test  of 
producing  answers  within  the  available  timescale  and  with  a  high  degree  of 
reliability  and  integrity.  However,  whilst  Tornado  is  important,  NMG  has 
been  used  extensively  on  5  BAe  civil  projects  and  several  other  military 
projects.  This  has  generated  a  flexibility  in  the  system  which  is 
desionstrated  by  its  adoption  by  a  major  car  manufacturer  as  a  shape  defin¬ 
ition  and  manufacturing  system. 

3.1.2  Recent  developments 

Up  until  recently  NMG  has  concentrated  on  very  good  representation  of  aircraft 
shape.  This  has  been  attained  by  the  usage  of  unique  mathematics  and  refined 
algorithms.  Examples  of  the  system  capability  are  shown  on  Fig.l.  These 
examples  depict  the  flexibility  of  a  single  patch  equation  and  demonstration 
that  transitions  from  square  corners  to  circular  sections  and  reversals  of 
curvature  are  readily  handled.  Note  in  particular  that  all  the  cuts  through 
the  surface  are  smooth  and  engineeringly  desirable.  Normally  such  a  patch 
forms  a  small  element  in  a  whole  surface  representation  on  NMG  and  the  air¬ 
craft  will  comprise  many  such  surfaces  (Fig. 2.) 

However  geometry  is  an  essential  input  to  many  engineering  tasks  and  recent 
NMG  developments  have  addressed  the  interfaces  to  these  related  tasks.  Fig. 3. 
shows  the  more  important  users  of  master  geometry  information. 

A  major  obstacle  in  the  usage  of  NMG  by  occasional  users  has  been  the 
difficulty  of  knowing  what  information  is  required  in  a  particular  situation. 
For  example,  aerodynamics  assessment  of  the  wing  on  the  50th  aircraft  requires 
that  user  to  know  the  surface  names  which  represent  the  various  surfaces  which 
made  up  the  wing  and  flaps,  etc,  for  that  particular  aircraft. 

In  the  past  this  has  been  achieved  by  a  general  arrangement  drawing  which 
illustrates  the  various  surfaces  and  their  NMG  identifiers  for  each  batch  of 
aircraft.  This  presentation  of  information  is  not  easily  understood  or 
accessed  by  some  classes  of  user  and  has  led  to  difficulty  in  using  NMG  data. 

Now  a  recent  extension  to  the  NMG  system,  known  as  the  structures  facility, 
enables  the  whole  of  a  particular  aircraft  to  be  treated  as  a  single  structure 
which  can  be  intersected  as  though  it  were  a  single  surface. 

This  has  a  twofold  effect,  firstly  it  enables  the  occasional  user  to  quickly 
find  the  information  he  requires,  and  secondly  it  means  that  the  geometric 
model  can  be  far  more  detailed  and  may  be  used  to  represent  internal  structure 
and  fittings  without  becoming  cumbersome  to  operate  and  use. 

3.2  Let  us  quickly  consider  some  typical  users  of  the  NMG  system. 

3.2.1  Supply  of  section  drawings  for  component  design. 

The  design  organisation  requires  a  plot  on  plastic  film,  and  in  addition  they 
may  require  the  significant  curves  to  be  stored  for  subsequent  use  in  detail 
drafting  or  NC  manufacture. 

Using  the  NMG  structure  facility  cuts  through  the  aircraft  can  be  plotted 
showing  the  space  available  for  a  new  or  modified  component.  The  more  complete 
the  NMG  model  is,  then  the  more  informative  are  the  sectional  plots,  but  it  is 
envisaged  that  components  will  not  be  represented  in  fine  detail  -  only  in 
gross  shape.  For  instance,  an  undercarriage  leg  is  represented  by  several 
cylinders  and  prisms  but  the  detail  geometry  of  nuts,  fittings,  etc,  is 
omitted. 

From  such  sectional  plots  a  designer  can  position  a  component  with  the  desired 
access  and  clearance,  or  perhaps  locate  a  hydraulic  pipe,  etc.  In  the  case  of 
running  pipework,  3  dimensional  presentation  can  be  a  useful  aid  to  design. 

Primarily  the  designer  is  using  the  plotted  information  and  as  such  the 
relationships  between  that  data  are  less  important  than  in  the  subsequent 
examples.  Also  he  does  not  need  to  know  which  equipment  is  located  in  the 
design  vicinity  because  the  computer  can  determine  this  from  the  aircraft 
identification  and  the  geometric  model  of  that  aircraft. 

3.2.2  Use  of  NMG  data  by  manufacturing 

The  range  of  users  for  NMG  in  manufacturing’  span  from  the  smallest  wind 
tunnel  model  to  the  largest  wing  skin  and  in  all  cases  the  benefits  derived 
are  essentially  the  reduction  in  hand-finishing,  the  improved  dimensional 
accuracy  and  the  consistency  of  the  product. 
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During  the  early  stages  of  a  project,  many  configurations  of  the  aircraft 
will  be  investigated  and  a  fair  nunber  will  be  tested  in  the  tunnel.  Such 
aradels  can  be  rapidly  manufactured  by  NMG  on  numerical  control  suichine 
tools  using  semi-automatic  techniques,  Por  each  aircraft  configuration 
a  number  of  loading  cases  is  considered,  representing  various  flight 
conditions.  Typically  for  the  simulation  of  a  high  'g'  turn,  the  wing  is 
subjected  to  twist  and  bending  within  the  NMG  system  to  produce  a  wind 
tunnel  model  of  the  deformed  wing.  The  aerodynamic  properties  of  the 
deflected  wing  can  then  be  studied.  The  models  themselves  are  norsially 
constructed  from  steel  in  many  pieces,  so  that  again  the  effect  of 
differing  wing  sweep,  etc.,  may  be  studied  by  fitting  the  various  wings 
onto  the  available  fuselages. 

After  investigating  many  configurations,  hopefully  one  is  chosen  for  the 
project,  but  the  data  gleaned  in  the  extensive  wind  tunnel  tests  may  be  of 
use  several  years  later.  At  British  Aerospace  we  are  currently  validating 
a  number  of  aerodynamic  theories  against  wind  tunnel  tests  performed  momo 
years  ago.  To  perform  the  theoretical  calculations,  NMG  is  required  to 
retrieve  and  produce  data  relating  to  obsolete  surfaces,  which  have  been 
discarded  several  years  previously. 

Fortunately,  in  the  design  of  the  NMG  system  we  recognised  the  need  to 
retain  old  designs  for  many  years,  and  such  retrievals  can  be  easily 
performed.  Some  typical  wind  tunnel  siodels  are  illustrated  in  Pig. 7. 

Manufacturing  proper  receive  a  large  amount  of  information  from  design,  which 
has  been  extracted  from  the  NMG  system,  in  some  cases  the  information  is 
supplied  by  the  drawing  office,  such  as  coordinate  information  for  inspection 
purposes,  but  often,  as  in  the  case  of  NC  manufactured  parts,  the  NMG  data  is 
used  directly.  Certain  types  of  parts,  such  as  form  blocks,  stay  be  manu¬ 
factured  in  a  similar  manner  to  wind  tunnel  siodels,  but  often  a  greater  degree 
of  control  is  required.  Then  a  computer  program,  such  as  APT140  (  a  part 
of  the  NMG  system) ,  is  required  with  full  capability  to  control  the  cutting 
conditions  and  geometry.  One  of  the  more  complicated  parts  we  have  produced 
in  this  oianner  is  the  Tornado  wing  pivot  bearing,  which  was  produced  by 
directly  machining  the  NMG  surfaces,  using  the  APTl4o  machining  program. 

(Pig. 8).  These  parts  are  being  manufactured  on  5-axes  CINCINNATI  milling 
machines  from  titanium  forgings 

3.2.3  Transfer  of  information  to  Aerodynamics  and  Structural  Engineering  Groups 

Aerodynamics  require  geometric  information  for  analysis  by  a  variety  of 
computer  programs.  There  is  still  a  requirement  for  2-dimensional  inforsiation 
on  wing  streasmise  sections,  but  more  and  more  the  demand  is  for  3  dimensional 
data,  for  use  in  generalised  fluid  flow  computer  programs.  These  3  dimensional 
programs  require  an  approximation  to  the  outer  envelope  of  the  aircraft,  but 
of  course,  on  the  NMG  system,  the  information  is  much  more  detailed.  The  NMG 
representation  of  a  wing  will  comprise  basic  wing,  flaps,  etc.,  but 
Aerodynamics  require  only  the  outermost  shape  of  this  assembly.  There  again 
is  a  use  for  the  NMG  structure  facility,  which  assists  in  the  obtaining  of 
a  single  outer  shape.  In  a  similar  eianner  a  single  shape  can  be  derived  for 
a  fuselage  at  each  required  station.  (fig. 9). 

However,  the  information  generated  within  the  NMG  system  is  not  directly 
usable  by  the  aerodynamics  programs.  The  minimum  requirement  is  that  the 
inforswtion  be  re-formatted  into  the  format  required  by  the  particular 
aerodynamics  analysis  which  is  to  be  used.  In  many  cases  there  is  an 
additional  requirement  for  a  data  reduction  function  to  be  performed;  that  is 
to  say,  data  has  to  be  selected  from  the  mass  of  data  available.  One 
technique  available  within  the  NMG  system  is  designed  to  assist  in  the 
construction  of  a  mesh  of  quadrilateral  patches,  which  approximate  to  the 
aircraft  shape.  This  mesh  of  'flat'  patches  is  then  used  in  3D  sub-sonic 
analysis.  The  technique  is  illustrated  in  Pigs,  to  A  11. 

The  deawnd  for  geometric  data  for  stress  analysis  purposes  arises  later  in  a 
project  than  the  aerodynamic  requirements.  Because  it  is  concerned  with  the 
stress  and  strain  in  a  red  structure,  the  information  required  from  the 
IMG  system  is  aw>re  detailed.  Usually  data  is  supplied  in  a  suitable  form  for 
the  Nastran  analysis  program,  but  before  the  analysis  can  he  performed,  a  large 
amount  of  structural  idealisation  data  must  be  added  to  the  basic  geosmtric 
information.  This  all  repressnts  a  mass  of  detailed  information,  much  of  it 
generated  manually,  which  leads  to  a  considerable  problem  with  erroneous 
data.  Consequently,  before  doing  the  analysis,  the  data  is  extensively 
checked  using  graphic  displays  and  plots.  Pigs.  12  A  13  show  the  structural 
idealisation  of  a  fairing,  displayed  for  checking  purposes  on  a  graphic 
display  or  paper  plot. 


Several  years  ago  an  evaluation  was  made  of  the  design  computing  requirements 
in  the  1980's.  It  was  seen  that  data  transfer  between  the  various  dlsclplires 
could  be  amde  advantageously  using  computers,  the  basic  data  handled  by  all 
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these  disciplines  being  geometry.  Consequently  a  decision  was  taken  to 
introduce  a  system  to  allow  the  capture  of  geometric  data  by  a  computer  as 
early  as  possible  in  the  design  process,  i.e.  at  the  scheming  or  detail 
drawing  stages.  The  system  had  therefore  to  be  useable  by  draughtsmen,  most 
of  whom  had  no  previous  computer  experience,  and  not  be  specialists  trained 
specifically  to  operate  the  system. 

In  the  consideration  of  the  system  capabilities,  the  following  requirements 
emerged :- 

.  Unifed  geometry  to  allow  transfer  to  and  from  other 
user  disciplines. 

.  Easy  to  use. 

.  Easy  to  learn. 

.  Easy  to  access. 

.  Secure  data. 

.  Ease  of  system  modification. 

.  Cost  effective. 

These  requirements  were  evaluated  against  commercially  available  systems, 
some  of  which  ran  on  mainframe  computers  with  refresh  graphics  displays 
while  others  ran  on  mini-computers  with  storage  displays.  None  satisfied 
our  original  requirements,  therefore,  a  new  system  should  be  developed. 

4.1  System  concepts 

Consideration  of  the  two  requirements  for  ease  of  use  and  ease  of  learning 
led  us  to  the  conclusion  that  the  system  should  be,  as  far  as  possible,  self- 
tutorial.  Accordingly  at  any  stage  during  the  construction  of  a  command  the 
system  should  prompt  the  user  with  a  set  of  options  applicable  only  at  that 
stage.  In  other  words  a  constantly  changing  display  was  renuired  presenting 
the  user  with  messages  and  commands  appropriate  to  the  current  working 
condition.  A  need  to  be  able  to  rapidly  scale  and  translate  the  displayed 
geometry,  and  to  delete  parts  of  it  was  also  recognised.  In  consequence  a 
decision  was  made  to  use  refresh  graphics  displays  rather  than  the  storage 
type. 

A  second  dicision  was  that  in  order  to  maintain  adequate  response  to  the  user, 
a  dedicated  mini-computer  was  essential,  perhaps  controlling  4  -  fl  terminals. 
With  the  downward  trend  in  mini-computer  hardware  this  also  provided  a  cost 
effective  solution. 

4.2  System  development 
4.2.1  User  Interface 


The  first  phase  of  system  development  falls  into  what  might  be  called  the  user 
interface.  This  was  developed  in  the  first  instance  on  a  refresh  tube  using  a 
light  pen  alpha-numeric  keyboard  for  user  interaction,  and  later  using  a  data 
tablet  and  stylus  in  place  of  the  light  pen. 

The  interface  developed  consists  of  the  following  information  dis[ layed  on  the 
screen  (as  well  as  the  geometric  information  being  constructed) : - 

.  a  vertical  menu  at  the  right  hand  side  of  the  screen  which 
changes  according  to  the  command  being  built. 

.  instructions  to  the  user  on  the  left  side  (e.g.  pick  menu,  or 
input  radius  value). 

.  a  command  line  at  the  top  of  the  screen  showing  the  user  the 
stage  he  has  reached  in  building  the  command. 

.  error  messages  or  results  or  analytical  interrogations  at  the 
bottom  of  the  screen. 

Interaction,  using  the  light  pen,  is  achieved  by  eitheri- 

a)  pointing  the  light  pen  at  the  menu  which  causes  the  item 
pointed  at  to  be  underlined.  This  choice  is  confirmed 
by  pressing  the  keyboard  space  bar  at  which  time  the  system 
takes  the  appropriate  action. 
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b)  pointing  the  light  pen  at  a  geometric  item  causing  a  cross  to  be 
displayed  on  the  item  at  the  approximate  position  of  the  pick. 

This  is  again  comfirmed  by  pressing  the  space  bar  which  causes 
the  geometry  item  to  be  returned  to  the  cosiputer  together  with 
the  position  of  the  pick  which  is  used  to  resolve  ambiguities. 

(E.g.  When  drawing  a  line  tangential  to  two  circles  the  picks 

or  the  circles  determine  which  of  the  four  possible  mathematical 
solutions  is  the  one  required). 

c)  keying  in  dimensional  information  or  text  from  the  keyboard.  This 
is  sent  to  the  computer  using  the  keyboard  return  key. 

Interaction  using  the  data  tablet  and  stylus  is  similar.  Menu  or  geometric 
items  are  picked  by  positioning  a  cursor  on  the  screen  corresponding  to  the 
stylus  position  on  the  data-tahlet,  but  confirmation  is  achieved  in  this 
arrangement  by  depressing  the  tip  switch  on  the  stylus  -  a  one  handed  rather 
than  two  handed  operation. 

At  any  time  during  the  construction  of  a  command  the  geometry  displayed  may 
be  scaled,  translated  or  rotated.  In  the  light  pen  implementation  this  is 
performed  by  the  use  of  specified  keys,  and  in  the  data  tablet  implementation 
by  using  areas  of  the  tablet  designated  for  these  functions. 

4.2.2  Applications 

The  second  phase  of  the  development  was,  and  still  is,  the  implementation  of 
application  routines.  These  started  as  a  set  of  two  dimensional  routines 
allowing  the  creation  of  points,  lines,  circles  and  circular  arcs,  giving 
the  draughtsman  an  equivalent  system  to  paper,  pencil,  squares,  compasses  etc. 
in  which  any  projections  had  to  be  performed  in  a  similar  way  to  manual 
methods.  Later  work  has  made  the  system  into  a  pseudo  3-dimensional  one 
enabling  true  three  dimensional  points,  lines,  curves  and  planes  to  be  created, 
but  circles  and  arcs  only  being  allowable  in  a  z-plane. 

Other  facilities  have  also  been  built  in.  For  instance:— 

.  to  allow  sets  of  geometric  items  to  be  copied  as  groups. 

.  to  allow  flanges  to  be  developed  into  the  flat. 

.  to  allow  points  to  be  equally  pitched  linearly,  or  around 
a  circle,  arc  or  curve. 

.  to  produce  linear  dimensions. 

.  to  interrogate  geometry  to  obtain  distances  between 
geometry  items,  areas  or  centres  of  area. 

.  to  work  in  imperial  or  metric  units. 

4.3*3  The  Present  and  the  Future. 


The  system  developed  to  data,  known  as  MAXIS  (Multiple  AXis  Interactive 
System)  has  been  used  extensively  by  draughtsmen  at  the  Brough  site  of  BAe. 
mainly,  so  far,  in  a  lofting  environment  to  produce  templates  for  production 
purposes,  and  to  create  input  geometry  for  an  N.C.  system.  User  reaction  to 
the  system  has  been  excellent  with  new  users  able  to  produce  useful  work  after 
about  a  one  hour  introduction  to  the  system. 

The  type  of  work  produced  so  far  has  been  limited  by  the  availability  of  only 
two  screens  because  of  software  limitations  in  the  Mk.l.  system,  but  a  Mk.2. 
system  capable  of  controlling  four  screens  via  an  improved  software  driver  is 
almost  complete,  at  which  time  the  system  will  be  implemented  at  other  BAe. 
sites.  Further  development  work  is  aimed  at  increasing  the  number  of  screens 
so  that  eventually  a  ratio  of  one  screen  per  eight  to  ten  draughtsmen  is 
achieved.  In  parallel  with  this,  developments  are  planned  to  include  such 
items  as:* 


.  full  3-D  geometric  modelling  capability. 

.  creation  of  drawings  to  the  same  standard,  in  terms  of  content, 
to  manually  produced  drawings. 

.  improvement  to  the  data  base  to  include  relationships  between 
geometry  items,  and  hence  to  produce  a  "live"  mechanism 
modelling  capability. 


a  drawing  control  system  to  parallel  the  present  manual  system. 


a  capability  to  produca  (eoaatry  for  tha  description  of  the  part 
in  a  way  suitable  for  N.C.  Machining. 


.  the  incorporation  of  the  surface  design  and  interrogation  features 
available  within  NMG  into  the  highly  interactive  environsient 
created  for  detail  part  description. 


Conclusion 


All  airframe  sianufacturers  are  experiencing  a  widening  of  the  scope  of 
computer  aided  design  especially  in  the  recent  past. 

Simultaneously  we,  at  British  Aerospace,  are  coping  with  the  process  of 
integration  of  the  parent  companies  of  BAe  and  the  rationalization  in  their 
working  methods. 

It  is  our  intention  to  bring  together  the  various  facets  of  CAD,  some  of 
which  have  been  described  in  this  paper  and  to  combine  the  best  features  of 
the  existing  systems. 

The  resultant  system  will,  we  believe,  be  a  m^jor  aid  to  the  design  and 
production  of  advanced  technology  aircraft  in  the  next  decade. 
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DISTRIBUTED  GRAPHICS  SYSTEM  FOR 
COMPUTER  AUGMENTED  DESIGN  AND  MANUFACTURE 

by 


A.N.  BAKER 

Lockheed-California  Company 
Burbank,  California,  U.S.A. 


INTRODUCTION 

Interactive  computer  graphics  systems  are  a  powerful  tool  for  use  in  the  analysis, 
design,  and  manufacture  of  complex  structures  such  as  aerospace  vehicles.  The  ability 
to  interact  directly  with  the  computer  in  a  timely  fashion  greatly  enhances  the  effective 
use  of  a  computer  by  an  engineer.  Graphical  display  units  allow  visualization  of  the 
output  of  the  computer.  Interactive  graphics  systems  compound  the  effectiveness  of  each 
element  of  the  system.  Because  of  their  effectiveness,  interactive  computer  graphics 
systems  are  playing  an  increasingly  important  role  in  many  aspects  of  engineering  and 
manufacturing . 

A  number  of  interactive  computer  graphics  systems  for  computer-aided  design  and  computer- 
aided  manufacture  have  been  developed  throughout  the  world.  These  systems  comprise  both 
the  particular  hardware  configuration  and  the  application  software  programs;  they  vary 
widely  in  terms  of  their  size,  complexity,  and  application.  One  system,  called  Computer- 
Graphics  Augmented  Design  and  Manufacture  with  the  registered  trademark  CADAM,  is  in  use 
at  many  plants  in  the  United  States  as  well  as  in  other  NATO  nations  and  Japan.  The 
hardware  portions  of  the  system  include  a  large  central  host  computer  for  data  management 
and  interactive  graphics  calculations  and  a  number  of  local  terminals  with  graphic  dis¬ 
play  units  tied  to  the  host  computer  by  high  data  rate  communication  lines. 

A  new  distributed  graphics  system  has  been  developed  that  expands  the  usefulness  and 
range  of  applications  of  CADAM.  The  characteristics  of  both  the  central  and  distributed 
forms  of  CADAM  are  described  as  representative  examples  of  the  current  state  of  the  art. 
Future  trends  for  interactive  computer  graphics  are  forecasted  on  the  basis  of  anticipated 
developments  in  software  and  hardware. 

CADAM  DESCRIPTION 

The  development  of  the  CADAM  system  was  started  in  1966.  Recognizing  that  a  major  benefit 
of  a  computer-aided  system  is  the  reduction  in  man-hours  required  for  a  given  task,  the 
CADAM  system  is  directed  primarily  at  design  drafting  applications  for  optimum  cost  bene¬ 
fit.  The  system  is  a  high-function,  general  purpose,  design  package  containing  analytical 
and  conceptual  design  aids.  The  fundamental  architecture  is  based  upon  bounded  numeric 
geometry  and  employs  the  methodology  of  classical  descriptive  geometry. 

Functionally,  CADAM  can  be  divided  into  an  interactive,  or  real-time,  portion  and  a  batch 
portion.  The  interactive  portion  allows  a  console  operator  to  construct  geometry  and  text 
to  be  stored  in  a  large  data  base.  This  geometry  may  later  be  input  to  batch  routines  to 
produce  output  in  the  form  of  hardcopy  for  virtually  any  hardcopy  device  currently  avail¬ 
able,  or  to  produce  a  tape  to  run  digitally  driven  devices  such  as  numerical  control 
machines.  In  addition,  the  batch  routines  perform  required  data  management  functions  on 
the  data  base. 

Both  two-  and  three-dimensional  shapes  may  be  represented,  using  construction  and  develop¬ 
ment  techniques  familiar  to  the  conventionally  trained  designer.  Lines,  circles,  ellipses, 
and  curves  are  rapidly  created  under  the  direct  control  of  the  user.  A  matrix  transfor¬ 
mation  feature  assists  the  designer  in  the  development  of  oblique  and  isometric  views. 

Design  models  may  be  retrieved  immediately  from  the  data  base.  Individual  views  may  be 
stacked,  juxtaposed,  separated,  or  otherwise  located  within  the  arbitrarily  defined  draw¬ 
ing  perimeter.  Interfacing  components,  subassemblies,  or  drawing  details  may  be  shown 
simultaneously  to  assure  compatibility.  Conversely,  an  assembly  can  be  broken  down  into 
separate  details  to  develop  exploded  views.  Sizes  and  dimensions  may  be  changed  rapidly. 
Error-detecting  logic  reduces  the  incidence  of  human  and  configuration  errors.  Precision 
to  at  least  six  digits  is  obtainable. 

CADAM  is  also  designed  to  assist  the  N/C  programmer  in  developing  a  sequence  of  operations 
directing  a  specific  machine  tool  to  produce  a  part.  The  N/C  part  programming  capability 
utilizes  the  displayed  geometry  of  the  part  as  the  reference  for  creating  the  N/C  program. 
Using  the  geometry  already  in  the  data  base,  a  direct,  accurate,  analytical  solution  to 
the  required  tool  path  can  be  obtained.  Program  checking  is  facilitated  by  dynamic 
motion  (animation)  in  the  display  to  represent  the  tool  path  and  cutter  depth.  The  tool 
centerline  data,  as  graphically  displayed,  may  be  selectively  modified.  Machine  control 
data  are  produced  by  processing  through  widely  available  APT  post-processor  programs. 

The  hardware  portions  of  the  CADAM  system  require  a  central  host  computer,  such  as  an 
IBM  360/370  series,  and.-a  number  of  interactive  graphics  display  terminals,  such  as  the 
IBM  2250,  with  associated  controllers.  The  display  is  a  refresh-type,  vector-generating. 
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cathode  ray  tube  with  light  pen,  alpha-numeric  keyboard,  and  function  keyboard.  High 
data  rate  communication  lines  connect  with  the  central  processor,  placing  a  practical 
limitation  on  geographical  separation  of  the  terminals  from  the  processor  of  approximately 
three  kilometers. 

The  CADAM  system  is  strongly  user-oriented.  An  important  objective  of  the  system  was  to 
provide  the  user  with  a  faster,  more  accurate,  and  more  convenient  way  of  doing  what  he 
is  accustomed  to  doing,  rather  than  requiring  him  to  adhere  to  a  drastically  new  method. 
New  functions  are  available  as  well;  such  as  the  ability  to  merge,  overlay,  or  juxtapose 
separate  drawings  in  real  time. 

The  central  data  base  can  be  quite  large,  making  available  to  the  user  a  wide  range  of 
information.  Standard  hardware  permits  storing  of  as  many  as  a  million  typical  engineer¬ 
ing  drawings  in  a  single  machine  unit  with  on-line  retrieval  and  storage.  A  comprehen¬ 
sive  data  management  system  permits  efficient  dissemination  of  data  to  all  users  of  a 
given  system. 

CADAM  UTILIZATION 

The  use  of  CADAM  as  a  drafting  tool  is  straight  forward.  Aircraft  three-view  general 
arrangement  drawings,  various  layouts,  and  production  drawings  are  being  developed  on 
CADAM  and  used  as  released  data.  This  has  resulted  in  a  drawing  data  base  which  is 
readily  available  to  analysis  engineers  using  finite  element  techniques. 

CADAM  provides  for  the  automatic  extraction  of  data  for  the  structures,  loads,  flutter, 
aerodynamics,  and  parametric  analysis  functions  using  some  form  of  finite  element-type 
modeling.  This  modeling  is  used  for  displaying  data  grids  on  the  screen,  or  the  data 
may  be  extracted  for  processing  in  analysis  batch  computer  programs.  The  loads,  flutter, 
and  advanced  design  parametric  analysis  organizations  have  other  graphics  subroutines 
which  extract  non-finite  element  geometric-type  data  from  CADAM  produced  drawings. 

The  CADAM  system  presently  contains  six  subroutines  related  specifically  to  solving 
analytical  problems.  These  programs  were  developed  to  complement  the  basic  drafting 
tools  already  present  in  the  package.  The  programs  are  to  be  used  to  help  evaluate  a 
drawing  as  to  its  structure  or  analytical  acceptability.  They  are  very  basic  in  concept 
and  are  not  meant  to  give  detailed  answers  to  complex  analytical  evaluations,  but  to 
provide  a  quick  guide  to  a  given  design  problem.  The  routines  include  section  properties 
analysis,  weights  analysis,  torsional  stiffness  analysis,  crippling  analysis,  lug  analysis, 
and  fluid  flow  delivery  analysis. 

Productivity  improvements  using  CADAM  are  a  strong  function  of  the  type  of  design  being 
performed.  Typical  tests  show  improvements  compared  to  manual  methods  of  4:1  for  mechan¬ 
ical  installation  drawings  and  up  to  17:1  for  design  changes.  High  productivity  occurs 
with  the  use  of  repetitive  construction  entities,  drawings  with  symmetry,  and  those 
requiring  analytical  geometry  calculations. 

Since  a  drawing's  geometric  data,  as  well  as  alpha-numeric  data,  are  stored  in  the  com¬ 
puter  files,  it  is  not  always  essential  to  produce  a  hard  copy  of  a  drawing.  For  example, 
the  data  can  be  recalled  on  the  terminal  and  used  by  a  CADAM  parts  programmer  for  the 
preparation  of  numerically  controlled  machine  tool  tapes. 

Centralized  CADAM  has  limitations  in  addition  to  the  geographical  separation  restrictions 
noted  earlier.  All  of  the  many  designers  using  the  system  at  the  same  time  have  access 
to  the  central  computer  and  are  dependent  on  it.  If  the  computer  goes  out  of  operation, 
none  of  the  designers  are  able  to  continue  their  work  until  the  computer  is  functioning 
again.  Also,  all  of  the  designers  have  the  same  set  of  tools.  Special  requirements  are 
placed  on  the  computer  in  order  to  mix  the  more  demanding  analytical  tasks  that  are 
required  by  a  fraction  of  the  designers  into  the  centralized  CADAM  system.  For  these 
reasons,  and  others,  a  complementary  approach  to  the  problem  has  been  taken. 

DISTRIBUTED  GRAPHICS 


A  new  distributed  graphics  system  has  been  developed  and  is  in  experimental  use  within 
Lockheed.  The  key  new  hardware  feature  of  the  system  is  a  remote  graphics  terminal  com¬ 
prising  a  minicomputer,  local  storage,  graphics  display  unit,  and  other  accessories. 

The  CADAM  software  has  been  reconfigured  so  that  the  interactive  graphics  calculations  are 
done  in  the  remote  terminal  while  the  data  handling  and  batch  processing  are  done  in  the 
large  central  host  computer.  New  software  has  been  designed  to  control  the  input/output 
functions  and  interfaces  with  the  central  operating  system. 

An  analysis  of  all  the  functions  to  be  performed  and  the  associated  data  rates  led  to  the 
new  distribution  of  functions.  The  interactive  graphics  calculations  and  associated 
analytical  calculations  require  high  data  rates  and  are  done  locally.  Recall  of  drawing 
data  and  transmission  of  output  data  for  batch  processing  can  be  done  at  lower  data  rates 
and  are  done  through  telecommunication  channels  to  the  central  host  computer.  Local 
storage  of  data  offers  additional  flexibility  in  the  partitioning  of  functions. 

The  local  disk  storage  has  sufficient  capacity  to  retain  all  the  data  necessary  for  a 
full  day's  work.  The  transfer  of  batch  data  or  of  entire  drawing  files  between  the  cen¬ 
tral  host  computer  and  the  distributed  graphics  terminal  can  be  accomplished  at  a  slower 
data  rate,  using  existing  telephone  lines.  Thus,  the  distance  limitation  between  graphics 


terminal  and  host  computer  no  longer  exists.  The  semi-permanent  process  of  installing  a 
graphics  terminal  at  some  location  is  changed  to  where  the  terminal  becomes!  truly,  a 
remote  terminal  and  a  movable  terminal.  The  distributed  graphics  terminal  is  effectively 
a  stand-alone  minicomputer  based  system.  Its  operational  status  is  not  affected  by  the 
status  of  the  host  computer  nor  does  it  affect  the  host  computer.  The  only  limitation  to 
portability  is  the  environmental  conditions  which  must  be  provided  for  the  terminal,  i.e., 
adequate  power  and  air  conditioning.  The  host  computer  retains  those  functions  for  which 
it  is  best  suited  economically  to  retain;  namely,  mass  storage,  batch  processing,  and 
plotting. 

The  basic  distributed  graphics  terminal  as  presently  configured  includes  a  Vector  General 
scope  and  its  supporting  electronics,  the  Interdata  7/32  minicomputer  with  512K  bytes 
of  core  memory,  a  CDC  disk  with  80M  bytes  capacity  (removable  pack) ,  the  Dataphone  MODEM, 
and  the  work  station  cabinetry.  Additional  storage  is  available  through  a  magnetic  tape 
or  additional  disk  unit,  or  both,  as  required  by  the  application. 

The  work  station  has  been  designed  to  maximize  operator  performance.  The  experience 
gained  in  operation  of  the  standard  CADAM  system  plus  the  results  of  various  man-machine 
interface  experiments  were  used  in  determining  the  configuration  of  the  equipment  and  the 
layout  of  the  operating  controls. 

Use  of  a  higher  capability  minicomputer,  such  as  the  Interdata  8/32,  and  additional  local 
storage  allows  operation  of  the  remote  unit  for  analytical  graphics  use  as  well  as  CADAM 
applications.  This  system  is  more  efficient  in  its  use  of  the  host  computer  than  current 
analytical  systems.  Operational  convenience  and  computational  efficiency  are  substan¬ 
tially  improved.  The  analytical  graphics  units  are  used  for  a  large  number  of  demanding 
calculations  that  use  the  geometrical  information  from  the  CADAM  data  base.  Typical 
examples  include  continuous  system  modeling  programs,  structural  analysis,  wave  drag,  and 
wing  optimization  calculations. 

DISTRIBUTED  GRAPHICS  UTILIZATION 

The  new  distributed  graphics  system  has  a  number  of  advantages  over  a  centralized  CADAM 
system.  Response  times  are  similar  to  the  central  system  and  essentially  independent  of 
the  number  of  remote  terminals.  Geographical  dispersion,  security  protection,  and  ease 
of  adding  or  subtracting  remote  units  provide  substantial  operational  convenience.  If 
the  central  computer  goes  out  of  operation,  the  remote  units  can  continue  functioning 
for  an  extended  period.  The  new  system  performs  all  of  the  CADAM  applications  in  pre¬ 
liminary  and  production  design  and  numerical  control  machining.  Analytical  graphics 
capability  can  be  selectively  included  where  required  without  overburdening  the  central 
computer.  However,  for  those  applications  involving  numerous  work  stations  in  the  same 
general  location  doing  design  jobs,  the  centralized  CADAM  system  is  usually  more  cost 
effective  than  the  new  distributed  graphics  system. 

Twelve  distributed  graphics  units  have  been  produced  and  are  in  use  in  five  different 
plants  at  Lockheed  with  geographical  separations  from  the  central  computer  of  up  to  fifty 
miles.  In  addition  to  use  in  preliminary  and  production  design,  remote  operation  allows 
new  users  to  access  the  CADAM  system.  Tool  design  and  wind  tunnel  model  design  are  being 
performed  on  the  distributed  units.  Factory  liaison  can  call  up  engineering  drawings  and 
rapidly  make  corrections  and  changes  to  the  drawings. 

The  operational  experience  gained  on  these  first  twelve  units  will  direct  any  modifica¬ 
tions  and  improvements  to  be  made  to  either  the  software  or  hardware  portions  of  the 
system.  After  incorporation  of  the  improvements  in  the  design,  additional  units  will  be 
produced  for  use  in  a  number  of  plants  at  Lockheed. 

INTERACTIVE  COMPUTER  GRAPHICS  EXPERIENCE 

Utilization  of  interactive  computer  graphics  is  rapidly  expanding  and  is  being  used  in  a 
wide  variety  of  engineering  and  manufacturing  applications.  From  the  experience  of 
developing  and  using  the  CADAM  system,  a  number  of  conclusions  can  be  drawn. 

An  interactive  computer  graphics  system  must  be  designed  considering  the  viewpoint  of  the 
user.  The  user  must  see  the  system  as  his  tool  rather  than  as  a  large  computer  system  to 
which  he  has  access.  For  example,  the  response  time  of  the  system  for  routine  commands 
should  be  at  least  as  fast  as  the  response  time  of  a  skilled  operator.  This  requires 

fast  and  efficient  algorithms  for  the  commands  and  calculations.  The  system  must  have 

operational  logic  and  error  correction  modes  that  allow  effective  utilization  by  less 
experienced  operators.  At  the  same  time  it  must  have  the  capability  to  allow  highly 
experienced  operators  to  work  at  their  full  capacity. 

The  system  must  have  high  reliability  in  order  to  gain  broad  acceptance.  A  designer  must 
have  sufficient  confidence  in  the  computer  graphics  system  to  make  design  release  date 
commitments.  Otherwise,  he  will  continue  to  use  the  slower,  but  predictable,  manual  methods. 

Sufficient  attention  must  be  paid  to  the  management  of  this  special  resource.  This  is 
particularly  important  during  the  introduction  phases  of  the  system.  Details  of  operation 

in  a  mixed  mode  where  some  of  the  work  is  done  on  the  graphics  system  and  the  rest  by 

traditional  methods  should  be  carefully  considered  to  insure  compatibility.  Conversion 
of  existing  manual  drawings  into  computerized  form  may  be  done  in  those  design  areas 
where  significant  change  may  occur  later. 
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Use  of  a  major  interactive  graphics  system  has  longer  range  implications  in  the  total 
operation  of  the  organization.  A  central  computerized  data  base  is  created.  This  data 
base  can  be  used  for  many  functions  besides  the  original  design  function  that  created  the 
data  base.  Appropriate  design,  utilization,  and  management  of  the  central  data  base  are 
demanding  tasks  that  should  be  taken  on  by  the  organization.  An  integrated  approach  to 
data  base  management  is  required. 

FUTURE  TRENDS 

The  costs  of  computing  power  are  rapidly  decreasing  and  should  continue  to  decrease  for 
at  least  another  decade.  This  allows  greater  use  of  powerful  local  computers  such  as  in 
the  distributed  graphics  system  described  above.  Similarly,  the  costs  of  memory  have 
decreased,  thereby  allowing  very  large  central  data  banks  as  well  as  local  data  banks  to 
be  economically  justified  as  compared  with  those  that  would  have  been  considered  econom¬ 
ically  prohibitive  only  a  few  years  ago. 

A  major  cost  in  the  interactive  graphics  system  is  attributed  to  the  vector-generating 
refresh  cathode  ray  tubes.  To  avoid  this  cost,  storage  tubes  have  been  used  in  some 
analytical  graphics  systems  because  of  their  lower  initial  cost.  Development  of  an 
interactive  raster  scan  graphics  tube  with  sufficient  accuracy  and  resolution  for  design 
use  will  offer  major  cost  reductions  in  the  hardware,  but  at  a  penalty  of  some  increased 
complexity  in  software. 

The  applications  of  interactive  computer  graphics  seem  to  be  without  limit.  Future  soft¬ 
ware  systems  must  be  designed  to  allow  ready  addition  of  applications  programs  to  the 
existing  core  programs  that  operate  the  graphics  system  and  manage  the  data  base.  The 
applications  programs  can  then  be  written  in  a  high  order  language  that  is  machine  inde¬ 
pendent.  The  core  programs  may  still  be  partially  machine  dependent  in  order  to  gain 
maximum  speed  and  efficiency  of  operation.  Alternatively,  the  speed  and  capacity  of  the 
computer  may  increase  sufficiently  to  allow  use  of  machine  independent  language  in  the 
core  programs. 

At  present,  the  major  portion  of  the  CADAM  system  uses  a  quasi-three-dimensional  con¬ 
struction  because  of  the  rapid  calculational  speeds  associated  with  this  approach,  and 
because  it  is  most  similar  to  the  design  methodology  favored  by  the  designer-draftsman. 

A  true  three-dimensional  subset  of  the  CADAM  system  is  provided  for  those  design  tasks 
which  require  this  capability.  Some  other  graphics  design  systems  are  based  entirely  on 
a  true  three-dimensional  architecture.  Unfortunately,  the  calculation  algorithms  in  such 
systems  are  necessarily  complex  and  the  resultant  demands  on  the  central  computer 
resources  limit  the  number  of  remote  users  and  makes  for  long  response  times . 

Development  of  new  approaches  to  three-dimensional  descriptions  may  lead  to  more 
efficient  computation  schemes  that  allow  broader  uses  of  a  three-dimensional  approach. 

A  significant  future  trend  is  the  distribution  of  processing  power  into  user  working 
locations.  The  current  trends  in  improved  telecommunications  and  computer  networking 
are  an  essential  corollary  of  this .  Development  of  network  systems  of  data  management 
will  greatly  enhance  distributed  computer  graphics  as  a  useful  tool.  It  will  also  lead 
to  large  integrated  programs  for  analysis  and  design. 

Interactive  computer  graphics  will  become  a  major  tool  in  engineering  analysis  and 
design.  It  combines  the  computer's  computational  power  and  memory,  an  understandable 
and  timely  display  of  information,  and  an  ability  to  directly  interact  with  the  system 
in  a  man-machine  tool  that  fully  exploits  the  capabilities  of  all  elements  of  the 
system.  Distributed  graphics  systems,  such  as  described  above,  have  additional 
advantages  of  which  the  most  significant  is  the  ability  to  locate  this  powerful  tool 
directly  in  the  user's  working  location. 
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RESUME  : 


LE  ROLE  DE  L' INTERACTIVITE  DANS  LA  CONCEPTION 
ET  LA  FABRICATION  ASSISTEES  PAR  ORDINATEUR 
PAR 

Monique  SLISSA 

Ingenieur  Civil  de  l'Aeronautique 

S.N.I.  AEROSPATIALE  -  M^RIGNANE 
Division  Helicopteres 
(France) 


La  Conception  et  la  Fabrication  Assistees  par  Ordinateur  necessitent  la  mise  en  oeuvre  de  techniques  conver- 
sationnelles  alphanumeriques  et  graphiques  pour  supporter  le  dialogue  "Homme-Machine"  dans  le  processus 
de  creation  d'un  produit. 

La  definition  du  poste  de  travail,  au  sens  le  plus  general  ,  est  tres  importante,  par  exemple  dans  le  cas 
de  la  conception  des  formes  tridimensionnelles,  ou  l'intlractivite  permet  le  choix  en  temps  reel. 

Ces  principes  ont  et4  retenus  dans  les  etudes  et  les  ddveloppements  faits  3  1' Aerospatiale  Marignane  et 
specialement  dans  le  Systeme  Systrid  .1  de  Conception  d'objets  tridimensionnels  et  dans  le  programme 
Sigma  de  1' Aerospatiale  Toulouse,  utilise  pour  la  creation  de  formes  geometriques. 

1  -  INTRODUCTION  : 

La  Conception  et  la  Fabrication  Assistees  par  Ordinateur  peuvent  etre  definies  au  sens  le  plus  general 
des  termes  comme  l'utilisation  d'un  ordinateur  pour  creer  un  produit  en  : 

-  abaissant  les  cycles  de  definition 

-  diminuant  les  couts  de  realisation 

-  facilitant  les  modifications  en  rSduisant  le  dSlai  entre  la  naissance  d'une  idee  et  sa 
realisation,  un  delai  trop  important  provoquant  souvent  l'abandon  du  projet. 

-  permettant  de  realiser  une  certaine  optimisation  en  balayant  des  solutions  differentes  sans 
s'arreter  a  la  premiere  solution  valide  trouvee. 

Pour  resumer,  il  s'agit  d'obtenir  un  produit  meilleur,  d  cout  moindre  dans  un  delai  plus 
bref . 


2  -  LES  TECHNIQUES  MISES  EN  OEUVRE  : 


Ces  techniques  touchent  plusieurs  domaines  : 

-  la  creation  des  donnees  qui  decrivent  le  produit  d  concevoir 

-  la  manipulation  de  ces  donnees  pour  obtenir  une  forme  achevee  de  conception 

-  la  generation  des  informations  necessaires  d  la  fabrication  de  ce  produit,  a  partir  des  donnees  de 
description  de  la  conception,  stockSes  dans  l'ordinateur. 

-  les  techniques  interactives,  graphiques  et  alphanumeriques,  pour  supporter  le  dialogue  "homme- 
machine"  dans  le  processus  de  conception  et  Je  realisation  d'un  produit 


Ce  dernier  point  est  tout  d  fait  essentiel. 

La  nouveaute  introduitepar  la  Conception  et  la  Fabrication  Assistees  par  Ordinateur  est  que  l'ordina¬ 
teur  ne  travaille  plus  "en  aveugle".  Pour  effectuer  le  travail, l'homme  est  constamment  en  dialogue 
avec  lui,  pour  choisir  la  solution  qui  lui  semble  la  mieux  adapt4e,  jugee  bien  souvent  selon  des 
critdres  difficilement  chiffrables,  voire  non  transmissibles  (l'exp4rience)  et  done  impossibles  d 
enseigner  d  la  machine,  dans  l'4tat  actuel  de  ses  possibilites. 

Dans  ce  travail  en  symbiose,  l'ordinateur  apporte  sa  capacity  d  effectuer  trds  rapidement  des  opera¬ 
tions  fastidieuses,  mais  bien  dSfinies,  sans  risque  d'erreurs,  ni  manifestations  de  fatigue. 

Divers  types  de  poste  de  travail  peuvent  etre  envisages  :  ecrans  conversationnels  avec  photostyle, 
ecrans  d  rafralchissement  assortis  ou  non  de  tablettes,  tables  d  digitaliser  dites  int4ractives  etc... 
II  est  sans  interet  de  faire  une  evaluation  comparative  de  ces  diffirents  materiels,  actuellement 
disponibles  sur  le  marche  :  il  n'existe  pas  aujourd'hui  de  poste  de  travail  parfait  du  point  de  vue 
ergonomique,  adapte  d  tout  type  d'application,  et  dans  tout  type  d'entreprise.  Certains  conviennent 
mieux  d  une  application  qu'd  une  autre  et  meme  selon  les  phases  d'une  meme  application  (conception 
ou  exploitation  par  exemple)  des  postes  de  travail  different s  peuvent  etre  envisages,  avec,  actuelle¬ 
ment,  un  certain  avantage  financier. 

Il  reste  neanmoins  fondamental  que,  pour  les  travaux  de  conception,  toutes  les  solutions  possibles 
(materielles  et  logicielles)  doivent  etre  recherch4es  pour  acceierer  le  "temps  de  reponse"  et  alieger 
la  tiche  du  cr4ateur. 
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3  -  LES  DOMAIHES  D ’ APPLICATION  : 


Des  domaines  tr3s  divers  d' application  peuvent  etre  envisages  dans  une  entreprise  :  le  calcul  scienti- 
fique,  les  cablages  electriques,  ies  circuits  hydrauliques,  la  gestion  d'une  liasse  de  dessins,  la 
conception  et  la  fabrication  des  formes  simples  et  complexes  etc.... 

En  fait,  ces  domaines  et  bien  d'autres  sont  lies  dans  la  chaine  que  constitue  la  vie  d'un  objet 
industriel  ;  elle  peut  etre  divisee  en  trois  phases  : 

-  la  conception  ou  creation  du  produit 

-  la  fabrication  ou  production  industrielle 

-  la  maintenance  avec  des  activites  d'apres-vente,  de  stockage,  de  reparation  et  de  revision 
Le  moyen  priviligie  de  communication  dans  ce  processus  etait  traditionnellement  le  plan. 

L' introduction  de  1' informatique  peut  etre  faite  3  diverses  fins  : 

-  l'elaboration  des  plans  eux  -  memes 

-  la  presentation  graphique  de  resultats  de  calculs 

-  l'automatisation  des  travaux  repetitifs 

-  l'aide  3  la  conception  et  cl  la  fabrication  des  objets 

Sur  ce  dernier  point,  l'experience  de  la  Societe  Nationale  Industrielle  Aerospatiale  peut  etre 
decrite  4  titre  d' illustration.  Au  sein  de  la  Division  Helicopteres,  des  etudes  et  des  developpements 
poursuivis  depuis  1972,  ont  conduit  a  l'elaboration  et  a  la  mise  en  oeuvre  de  Systrid  .1  (Syst3me 
tridimensionnel  lere  version),  Systeme  de  Conception  et  de  Fabrication  d’objets  tridimensionnels.  La 
Division  Avions  a  mis  en  place  si  partir  de  1975  un  logiciel,  ayant  les  memes  concepts  de  base,  mais 
sur  du  materiel  different.  Sigma  ( Systeme  Interactif  de  Geometrie  Assistee). 

4  -  SYSTRID  ,1,  LE  SYSTEME  DE  CONCEPTION  ET  DE  FABRICATION  D’OBJETS  TRIDIMENSIONNELS,  DE  LA  DIVISION 
HELICOPTERES  DE  L* AEROSPATIALE  : 

C'est  done  le  domaine  des  formes  tridimensionnelles,  simples  et  complexes  qui  a  ete  choisi,  en  premier 
lieu,  a  Marignane,  au  sein  de  la  Division  Helicopteres ,  pour  mettre  en  valeur  les  techniques  de 
Conception  et  de  Fabrication  Assistees  par  ordinateur.  Cest  un  domaine  eminement  creatif,  fondamental 
dans  l'elaboration  du  produit  Helicoptere.  C'est  aussi  un  domaine  oil  1' interactivity  peimet  le  choix 
en  temps  reel  (contrairement  au  Calcul  des  structures  par  exemple).  Systrid  .1  est  done  un  ensemble 
de  programmes  permettant  : 

-  de  cr4er  et  de  modifier  de  maniere  conversationnelle 

-  d'exploiter  (par  des  traces -grandeur ,  des  dessins  5  l’echelle  desiree,  la  determination  d'outillages 
la  generation  de  bandes  pour  l'usinage  sur  machines  -  outils  3  commande  numerique) 

-  de  calculer  (caracteristiques  geometriques  et  mecaniques )  n'importe  quelle  forme  tridimensionnelle 
simple  ou  complexe. 

Ce  systeme  a  ete  mis  en  exploitation  en  1974,  dans  les  services  d'Etudes  et  de  Fabrication  de  l'entre- 
prise.  Actuellement  plus  de  soixante  personnes  ont  ete  formees  a  l'utilisation  de  Systrid  .1.  Ce  sont 
selon  les  problemes  traites ,  des  ingenieurs  de  haut  niveau,  des  projeteurs,  des  dessinateurs,  des 
traceurs  et  des  programmeurs  de  machines  outils  3  commande  numerique. 

Les  plans  de  formes  de  tous  les  nouveaux  helicopteres  sont  conqus  et  traces  en  utilisant  le  systeme  de 
conception  de  formes  Systrid  .1.  Par  ailleurs,  les  moules  des  pales  et  des  entrees  d'air  realisees  en 
mat£riaux  composites,  sont  cr44s  et  usings  3  l'aide  du  systeme. 

Ces  comparaisons  sont  faites  avec  les  methodes  traditionnelles.  Elies  s’averent  tres  favorables  aux 
nouvelles  techniques.  Des  bilans  etablis  pour  la  conception  et  le  traqage  de  plans  de  formes  pour 
des  utilisateurs  du  syst3me  dans  1' entreprise  permettant  d'afficher  les  gains  suivants  : 

-  les  gains  en  cout  sont  toujours  sup4rieurs  3  25  %  et  atteignent,  dans  divers  cas,  50  3  70  %, 
compte  tenu,  bien  sur  des  frais  informat iques. 

-  les  gains  en  d4lais  sont  sup£rieurs  3  50  %  et  atteignent  dan:-  certains  cas  90  % 

Ces  gains  variables  selon  le  type  d'applications,  sont  particulierement  importants  dans  le  cas  * 
problem es algorithmiques 

Voici  3  titre  d'exemple,  les  resultats  constatls  sur  l'etude  du  fuselage,  de  l'ensemble  des  capots, 
du  car4nage  de  train  et  leur  exploitation  pour  la  definition  d'outillagesde  fabrication  d’une  recente 
version  du  Dauphin  bi-moteur. 

Temps  estime  pour  l'exlcution  par  les  methodes  convent ionnelles  : 

12  150  heures 

Temps  pass!  en  utilisant  Systrid  .1  : 

4273  heures 


Gain  :  64,8  % 


Cout  estime  pour  1* execution  par  les  methodes  convent ionnelles  : 

1.093.500  f 
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Cout  constate  en  utilisant  Systrid  .1  (frais  de  personnel  et  frais  informatiques  cumules)  = 

728.840  f 

gain  ;  33,3  % 


De  plus,  un  tel  outil  apporte  une  rapidite  de  modification  et  une  souplesse  d'emploi  qui  permettent 
de  balayer  de  nombreuses  solutions  en  un  temps  tres  court,  voire  d'etudier  des  cas  marginaux  qui 
auraient  ete  laisses  dans  1* ombre  en  son  absence.  Par  lj  meme,  il  y  a  gain  de  qualite  du  produit. 

Afin  de  donner  une  idee  plus  precise  de  Systrid  .1,  deux  points  peuvent  etre  evoques  : 

-  les  concepts  de  base  : 

les  entites  connues  par  le  Systeme  ont  une  representation  unique,  parametrique  polynomiale,  ce 

qui  assure  la  notion  d'objet  tridimensionnel.  Cela  lui  confere  une  maintenance  aisee  et  une  grande 

souplesse  de  developpement. 

-  les  fonctions  disponibles 

Elies  peuvent  etre  ainsi  classees 

-  les  fonctions  de  creation  d'entites  (courbes  et  surfaces),  de  reproduction  (lissage  avec  ou  sans 
contraintes) ;  de  raccordements  d'entites  entre  elles,  d' extraction  de  formes  a  partir  de  formes 
deja  creees,  de  generation  algorithmique  de  formes  (formes  paralleles,  formes  developpables. . . ) 

-  Les  transformations  geometriques  :  translation,  rotation,  symetries,  homothetie,  transformation 
quelconque,  produit  de  transformations. 

-  Le  traitement  ensembliste  des  entites  :  transformation  d’un  ensemble  d'objets.... 

-  Des  calculs  sur  les  objets  crees  :  aire,  centre  de  gravite,  inerties,  longueur  d'une  courbe,  rayon 
et  centre  de  courbure  en  un  point  d'une  courbe,  angle  3e  deux  courbes,  divisions  egales  sur  une 
courbe . . . 

-  Des  fonctions  de  controle  et  d' exploitation  des  formes  creees,  interaction  courbe -courbe,  courbe- 
surface ,  surface- surface . 

-  Des  utilitaires  comme  l'affichage  de  valeurs  numeriques 

-  La  sortie  des  traces 

-  La  preparation  des  bandes  d'usinage 

II  convient  de  citer  a  part,  les  fonctions  qui  permettent  de  realiser  1 ' interactivity  graphique  du 

systeme  : 

-  Les  fonctions  donnant  la  possibilite  de  modifier  rapidement  les  objets  crees  (deformation  en 
continu  par  poursuite  au  photostyle). 

-  Les  fonctions  de  gestion  de  1' image  sur  1'ecran  :  sauvegarde  automatique,  regeneration,  remise  a 
blanc,  effacement  d'une  entite  de  1'ecran  avec  possibilite  de  la  regenerer  ulterieurement ,  destruc¬ 
tion  definitive  d'une  entite,  possibilite  de  designation  de  n'importe  quelle  entite  sur  1'ecran. 

-  Des  utilitaires  lies  a  la  visualisation  graphique  :  definition  d'axes,  modifications  d’echelles, 
recadrage,  perpectives,  projections,  traces  d'entites. 

-  CONCLUSION  : 


Systrid  .1,  actuellement  diffuse  par  le  Centre  de  Recherches  de  l'Institut  Battelle  £  Geneve,  const i- 
tue  le  noyau  geometrique  de  base  d'un  systeme  general  de  Conception  et  de  Fabrication  Assistees  sur 
Ordinateur  vers  lequel  tendent  les  etudes  et  developpement s  de  1' Aerospatiale  Marignane, 

Trois  points  fondamentaux  sont  ^  retenir  pour  un  tel  systeme  : 

-  La  possession  d'une  banque  de  Connaissances 

-  La  mise  en  oeuvre  d'un  dialogue  "homme-machine”  agreable 

-  La  possibilite  d'introduire  de  nouvelles  fonct ionnali tes. 
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A  FRAMEWORK  FOR  DISTRIBUTED  DESIGN  COMPUTING 


A  W  Bishop 

British  Aerospace  -  Aircraft  Group  Headquarters, 

Richmond  Road,  Kingston  Upon  Thames,  Surrey,  KT2  5QS,  England. 


Large,  geographically  dispersed  design  teams  are  now  the  norm  in  manufacturing  Industries.  Computer 
systems  are  potentially  useful  for  data  storage,  comminioations,  interactive  design,  administrative 
functions  and  numerical  calculations.  The  work  described  provides  a  framework  for  the  support  of 
such  applications  systems  in  a  dispersed  environment,  against  a  background  of  rapidly  changing 
hardware. 


1.  INTRODUCTION 

The  manufacturing  industry  today  requires  ever  more  design  effort  to  define  each  new  article  for 
production,  in  order  to  remain  competitive  and  to  satisfy  myriad  regulations  and  constraints. 

Historically  designers  have  used  a  large  amount  of  computing  power,  but  mostly  for  individual 
calculations  -  rarely  as  a  means  of  oamminication,  data  management  or  3D  design.  However,  in  the 
large  (and  often  geographically  dispersed)  design  teams  which  are  now  necessary  in  a  number  of 
industries  these  are  the  major  problems.  Designers  spend  most  of  their  time  finding,  transforming 
and  disseminating  data,  and  all  too  little  actually  designing  the  product. 

The  work  described  here  is  designed  to  provide  all  the  basic  facilities  needed  to  implement 
applications  systems  which  have  to  meet  these  design  needs.  It  is  being  applied  to  a  number  of  new 
British  Aerospace  computer  systems. 


2.  THE  FRAMEWORK  CONCEPT 

Design  computing  systems  (indeed  all  computing  systems)  have  the  basic  structure  shown  below: 


Figure  1  The  Framework  Ooncept 

The  user  comminicates  with  the  computer  using  a  command  language,  which  is  processed  by  interface 
software  to  execute  the  necessary  internal  tasks  and  to  generate  responses  to  the  user. 

The  internal  tasks  are  mainly  applications  programs,  which  need  to  commiricate  with  stored  data  via 
a  data  management  system. 
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The  applications  programs  are  created  by  people  who  need  a  variety  of  facilities  for  designing, 
coding,  testing,  documenting  and  modifying  programs. 

No  external  supplier  provides  the  necessary  facilities  on  BAe's  range  of  computers,  and  thus  an 
internal  group  has  been  established  to  fulfil  the  requirement.  Where  possible,  software  is  being 
purchased  to  reduce  timescales  and  costs,  but  where  necessary  new  software  is  being  implemented. 
The  complete  set  of  software  will  bridge  the  gap  between  the  manufacturers'  computer  systems  and 
the  needs  of  BAe's  applications  teams. 

In  addition,  by  providing  this  framework  independently  of  the  manufacturers,  we  can  make  our 
applications  programs  essentially  hardware  independent.  Portability  of  applications  code  is  now 
essential  in  today's  fast  changing  hardware  environment. 

This  is  now  a  widespread  concept,  having  been  recognised  by  the  designers  of  PDMS  (1),  OXSYS  (2) 
and  others  -  but  these  are  all  restricted  in  scope  of  application.  The  only  known  system  which 
aims  at  the  same  broad  area  of  applicability  is  the  NASA/Boeing  IPAD  project  (3). 

It  is  expected  that  such  a  framework  will: 

e  cut  the  development  time  and  cost  of  a  new  application  by  20},  by  avoiding  the  creation  of  basic 
software  for  each  application. 

•  cut  the  time  and  cost  of  conversion  to  new  hardware  or  operating  systems  by  80}  by  providing 
standard  interfaces  between  the  application  code  and  other  software. 

•  increase  the  benefits  accrued  by  each  application,  due  to  the  wider  range  of  facilities  which 
can  be  provided  in  a  common  framework. 

This  philosophy  involves  the  creation  of  general  purpose  software  for  all  applications,  rather  than 
special  purpose  software  for  each.  In  our  case  this  brings  a  high  pay-off,  because  of  the  large 
number  of  applications  involved  (about  30).  It  also  offers  efficiency  advantages  on  modern 
computers  on  which  general  purpose  code  can  be  shared  between  many  applications.  Even  if  this  were 
not  the  case,  the  rapidly  falling  cost  of  hardware  compared  to  software  encourages  this  approach. 

The  cost  of  such  a  framework  is  substantial .  The  NASA  IPAD  project  is  estimated  at  120  man  years  - 
our  own  at  30  man  years.  But  even  when  used  only  in-house,  where  we  have  350  applications 
analyst/programmers,  the  return  on  investment  is  very  high.  The  smaller  organisation  will  not,  of 
course,  so  easily  be  able  to  justify  such  developments.  However,  the  potential  market  is  large, 
and  the  products  of  larger  organisations  will  no  doubt  be  marketed  to  smaller  ones. 


3.  THE  DESIGNER  INTERFACE 

The  key  to  the  user’s  acceptance  of  the  computer  lies  in  his  interface  with  it.  And  if  we  are  to 
build  an  information  system  upon  tftich  the  organisation  depends,  then  we  must  be  at  le  to  satisfy 
the  fhll  spectrum  of  requirements.  This  ranges  from  the  'T.P.  enquiry'  -  a  simple  aid  well  defined 
instruction  with  a  standard  screenful  of  output  -to  the  most  complex  three  dimensioned  graphical 
design  task.  In  between  lies  the  bulk  of  technical  usage  with  relatively  complex  commands 
intermingled  with  ad  hoc  arithmetic  and  data  references. 

The  designer  interface  system  (figure  2)  must  handle  teletype,  character  VDU,  storage  tube  and 
refreshed  graphics  displays.  Input  of  commands  and  data  may  be  by  keyboard,  function  buttons, 
cursor,  tablet,  lightpen,  etc. 

These  inputs  are  accepted  by  a  device  input  handler  (one  for  each  terminal  type)  t*iich  will 
transform  them  into  a  standard  internal  format. 

The  input  controller  may  then  queue  the  user,  switching  user  data  stacks  as  necessary.  The  command 
interpreter  will  then  unscramble  the  input  into  'command  atoms'  and  check  their  validity.  With 
the  aid  of  data  describing  possible  commands  and  their  effect,  it  will  generate  a  list  of  actions 
to  be  satisfied  within  the  computer,  and  may  generate  a  menu  for  display  at  the  terminal.  The  list 
of  actions  i3  scheduled  by  the  actioner,  and  may  involve  the  execution  of  applications  programs, 
utility  programs  and  the  generation  of  terminal  or  hard  copy  output  via  the  output  controller  and  a 
device  output  handler. 

Whilst  the  basic  commands  will  relate  directly  to  applications  code  to  be  executed,  the  user  will 
also  want  to  be  able  to  group  commonly  occurring  sets  of  commands  together  as  macros.  During  these 
processes,  lightpen  hits  must  be  turned  into  useful  addresses.  Expressions  and  command  pseudonyms 
will  be  resolved  where  these  are  allowed. 

The  user  interface  is  also  responsible  for  controlling  all  error  feedback.  In  most  cases  the 
feedback  depends  on  the  style  of  use  -  in  particular  whether  the  error  occurs  during  online  or 
batch  execution. 
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COMMAND  DATA 


The  commands,  together  wih  related  data  input  and  subsequent  actions,  are  modelled  as  a  state 
transition  netvrark.  This  technique  provides  a  powerful,  explicit  and  flexible  meao3  of  defining  a 
language,  and  enables  a  problem  orientated  language  to  be  defined  for  each  application.  It  is 
simple  to  modify  (essential  during  application  development)  and  the  user  can  extend  it  using 
macros. 

All  coon  and/action  data  is  held  on  the  data  management  system  -such  facilities  are  required  because 
of  the  complex  data  structure  and  the  volune  of  data  (the  volune  for  a  complex  application  is  of 
the  order  of  50  Kilobytes) . 

It  is  mo3t  important  that  a  designer,  who  may  use  several  computers  in  the  course  of  a  design  task, 
can  use  this  common  language  throughout.  He  should  not  be  faced  with  the  various  JCLs  and  editors 
normally  required  to  support  applications. 

This  specification  is  not,  of  course,  easy  to  meet.  Current  implementations  have  usually  been 
biased  heavily  towards  a  particular  part  of  the  spectrum  -  usually  the  simpler  part  as  that  has 
been  the  major  market  area.  But  if  computers  are  to  be  useful  in  the  heart  of  manufacturing 
industry,  we  must  aim  to  catch  geometric  data  at  source  -  ie.  partially  replace  the  drafting  board 
by  a  terminal  device.  This  becomes  a  major  part  of  the  market,  and  is  the  area  which,  above  all, 
must  be  served.  Hence  our  solution  is  biased  in  this  direction  while  still  satisfying  wider 
requirements. 


4.  DATA  MANAGS1ENT 

The  efficient  provision  of  interactive  design  facilities  leads  us  to  the  distribution  of 
micro/mini/midi  computers  throughout  the  design  team.  Working  data  must  be  similarly  distributed, 
and  so  to  maintain  the  integrity  of  data  we  have  evolved  the  following  approach: 

•  For  each  project,  shared  data  will  be  stored  centrally.  This  must  be  supported  at  very  high 
standard  of  privacy  and  integrity.  The  volune  of  data  supported  will  be  of  the  order  of  10,000 
Megabytes. 
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•  Each  local  computer  has  access  to  this  central  data  via  a  communication  network,  and  (given 
appropriate  access  controls)  can  write  information  to  it  or  read  from  it.  lypically,  a  designer 
will  extract  data  created  by  other  specialists  prior  to  performing  his  om  activity.  When  his 
piece  of  design  work  is  complete,  the  resulting  data  will  go  through  several  approval  processes 
before  being  made  available  for  access  by  other  designers  as  appropriate.  Local  database  will 
be  of  the  order  of  1  to  10  Megabytes. 

e  All  the  privacy  data  (who  can  access  what)  and  who  haa  read  what  is  stored  centrally.  This 
latter  data  is  used  to  notify  designers  of  changes  to  their  input  data.  Also  stored  is  data 
pertaining  to  the  history  of  the  design  process  -  ie.  which  input  data,  in  association  with 
which  application  program  was  used  to  generate  which  output  data.  This  is  vital  for  recovery 
from  design  problems,  accidents,  etc. 

The  support  of  this  approach  involves  three  elements: 

e  Throughout  the  network  of  computers,  data  must  be  stored  in  the  same  logical  format,  ie.  a 
common  database  design. 

e  On  each  computer  this  data  must  be  supported  in  the  same  style,  and  with  the  same  interface  to 
applications  prograns. 

e  There  must  be  a  means  of  inloading ,  transporting  and  reloading  data  between  databases. 


Figure  3  Data  Management  System 


The  international  Godasyl  standard  for  data  management  systems  has  been  adopted.  A  data  dictionary 
system  is  used  to  store  both  a  high  level  (logical)  database  description  and  a  lower  level 
(physical)  description.  IDMS  (4)  is  being  used  to  support  the  central  data  and  a  'Mini  Data 
System’  has  been  imploiented  to  a  subset  of  the  Codasyl  specification  to  support  data  in  a  highly 
interactive  environment.  A  'Distributed  Data  Commimlcations  System'  (DIDAC)  is  being  implemented 
to  move  data  between  Codasyl  databases  using  the  existing  communications  network  with  standard  RJE 
protocols. 

The  Mini  Data  System  provides  a  high  performance  data  access  system  on  the  small  local  databases 
which  support  command  language  definitions  and  display  files  as  well  as  design  data.  Pathlengths 
are  reduced  by  excluding  costly  integrity  procedures  (which  are  not  vital  except  on  the  centred 
databases)  and  disc  accesses  are  reduced  by  allowing  an  application  to  lock  in  core  the  most 
sensitive  pages.  Together  with  standard  Codasyl  techniques  such  as  the  clustering  of  related 
records,  this  provides  a  very  high  level  of  performance. 

DIDAC  consists  of  two  major  elements.  The  first  unloads  data  inder  the  direction  of  a  selection 
language,  turning  it  into  a  standard  character  representation  of  the  data  which  is  independent  of 
any  particular  database.  External  references  are  held  by  name  in  a  dictionary.  This  data  can  be 
'posted'  to  any  other  computer  where  a  load  program  adds  it  to  an  existing  database.  This  process 
also  is  directed  by  a  language  which  can  transform  data  within  records.  The  necessary  field 
changes  to  suit  local  word  lengths  and  data  representations  are  performed  automatically. 

On  the  central  data  will  be  stored  all  the  technical  data  necessary  to  describe  the  product, 
including  geometry  and  associated  design  data,  assembly  and  modification  data  (including  the 
modifications  to  each  specific  aircraft  being  assembled)  and  derived  properties  of  the  aircraft 
ranging  (horn  overall  aerodynamic  qualities  to  the  internal  strength  and  the  mass  of  each  component. 
In  addition  project  oanagaaent  and  access  control  data  will  be  stored.  There  will  thus  be  direct 
Interfaces  to  the  production,  financial  and  commercial  databases  >4n ich  are  being  developed  in 
parallel . 


- - 
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5.  IMPLEMENTATION  OF  APPLICATIONS 

Traditionally,  many  designers  in  BAe  have  produced  their  own  applications  programs.  Over  half  the 
development  effort  is  provided  this  way,  the  rest  coming  from  computer  departments  at  the  design 
sites. 

Whilst  we  have  standardised  on  hardware,  operating  systems,  languages  and  documentation ,  we  have 
not  previously  used  u  consistent  approach  to  the  design  and  implementation  of  systems,  nor  have  we 
used  a  single  software  framework.  By  adopting  and  teaching  a  particular  approach,  we  aim  to  make 
the  implementation  of  new  applications  much  simpler,  especially  for  the  non-computing  professional. 
The  intention  is  that  staff  who  are  developing  applications  can  concern  themselves  far  more  with 
satisfying  user  requirements,  and  far  less  with  choosing  or  writing  framework  software  and 
developing  a  style  of  design  and  Implementation. 

A  particular  benefit  of  this  approach  is  that  we  can  afford  to  provide  carefully  tailored 
docunentation  for  those  working  in  this  environment  -  leaving  out  the  mass  of  irrelevancies  that 
the  computer  supplier  inevitably  pours  forth. 

The  important  elements  of  the  approach  are: 

i)  Above  all,  to  enable  the  Implementor  to  thoroughly  design  an  application  before  he  goes  near 
the  computer,  by  giving  him: 

•  a  standard,  structured  techique  for  recording  cirrent  activities  and  data  flows  within  the 
relevant  part  of  the  organisation,  so  as  to  identify  the  requirements  of  a  new  system. 

•  a  similar  technique  for  defining  systems  and  programs.  This  definition  appears  later  in 
the  source  code  as  primary  documentation. 

•  sizing  data,  so  that  performance  can  be  accurately  estimated  during  the  system  and  program 
design  phases. 

The  design  will  be  vetted  by  third  parties,  particularly  by  those  responsible  for  the 
framework  software  and  the  overall  database  design  co-ordination. 


(TANOARDS 


Figure  U  Applications  Development 
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ii)  Additional  techniques  to  ensire  efficient  coding,  testing  and  subsequent  maintenance  and 
modifications: 

e  a  definition  of  the  data  management  and  designer  interface  systems. 

e  a  data  dictionary  system,  which  stores  the  logical  and  physical  design  of  the  database  and 
applications . 

e  a  library  system  for  documentation,  code  etc. 

e  a  test  envelope  for  top-down  implementation  and  testing. 

In  establishing  tne  requirements  of  a  system  and  the  high  level  system  design,  a  diagramatie 
representation  of  processes  and  data  structure  is  used  to  aid  communication.  Figures  2,3  and  4 
represent  such  process  diagrams  in  a  simple  form;  extensions  cater  for  cross-referencing  of 
diagrams  at  several  levels  of  detail  etc.  The  data  structure  diagram  is  that  introduced  by  Bachman 
(5) . 

At  the  systan  definition  level  these  structures  are  converted  and  extended  to  program  and  data 
definition  languages  (PDL  and  DDL) . 

Programming  involves  the  addition  to  the  PDL  of  the  'flesh'  of  the  program,  including  references  to 
the  data  manipulation  language  (DHL).  The  PDL,  DHL  and  DDL  can  then  all  be  processed  automatically 
into  the  target  source  language  such  as  FORTRAN  or  COBOL  producing,  respectively,  the  major  control 
instructions,  database  CALL  statements  and  data  declarations. 

To  establish  the  user's  command  language,  the  definitions  of  commands,  associated  data  and 
subsequent  actions  are  input  to  a  program  which  loads  the  command  interpreter  database. 


6.  FRAMEWORK  IMPLEMENTATION 

This  framework  is  being  implemented  initially  on  the  PDP  11  computer  range  by  a  team  of  10  people. 
This  is  being  followed  by  a  VAX11  implementation. 

The  expertise  needed  to  design  such  software  is,  of  course,  considerable,  and  we  have  used 
consultants  and  built  various  software  prototypes  to  acquire  this  expertise. 

Several  critical  elements  are  in  use  by  applications  teams  including  the  Mini  Data  System  and  a 
prototype  command  interpreter. 

While  the  application  program  interfaces  will  ue  standard,  there  are  of  course  are as  where  the 
framework  has  to  interface  with  the  operating  system.  These  mu3t  be  rewritten  for  each  computer 
type. 


The  framework  naturally  has  a  highly  modular  structure  so  that  it  can  be  tailored  to  particular 
needs.  The  mainframe  would  normally  support  all  facilities,  but  at  the  other  extreme  we  might 
configure  a  single  user  machine  with  core  only  data  management. 

Software  being  implemented  by  BAe  is  written  in  the  RTL/2  language,  chosen  for  its  efficiency  and 
portability. 
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LIASSE  ELECTRIQUE  ASSISTEE  FAR  ORDINATEOR 


par 

Jean-Pierre  Pauzat 
IngAnieur  Bureau  d 'Etudes 
Aerospatiale,  Division  Avion 


1-  QUE  COHTIENT  DUE  LIASSE  ELECTRIQDE  ? 

1.1-  Pour  un  avion  du  type  AIRBUS  (aprAs  environ  9  ana  d' exploitation),  la  liasse  electrique  comprend  : 

-  7.000  schemas  de  cAblages  (43$) 

16.500  plans,  rApartis  en  :  -  5.000  listes  d ' Aquipements  (30^) 

-  4.500  repertoires  (275^) 

1.2-  Les  informations  traitees  dans  ces  plans  peuvent  Stre  estimAes  A  environ  (pour  toutes  les  validitAa)  : 

.  80.000  Definitions  concernant  les  c&bles  et  leurs  branchements, 

.  20.000  Definitions  concernant  les  equipements, 

.  3.000  Definitions  concernant  les  modifications, 

.  40  Validates  standards,  non  affectes  ou  clients. 

2-  SISTBE  "G.I.C.E."  : 

Le  systAme  "G.I.C.E."  (Gestion  Informatique  des  CAblages  Electriques)  a  pour  but  : 

1-  d'assister  le  Service  Electricite  dans  la  definition,  la  realisation  et  la  diffusion  d'une  liasse  Alec- 
trlque  ; 

2-  de  prendre  en  compte  les  besoins  des  services  extdrieurs  utilisant  la  liasse  electrique  :  Preparation, 
Production,  ContrOle,  Apres-Ventes. 

2.1-  Le  SystAme  "G.I.C.E."  assiste  le  Service  Electricite  : 

2.1.1-  Le  Systems  "G.I.C.E."  assiste  le  service  electricite  dans  la  definition  de  la  liasse  au  niveau  : 

-  de  la  reservation  des  branchements  sur  tous  les  semi-equipements  communs  A  plusieurs  circuits  (pri¬ 
ses  de  raccordement ,  barrettes,  splices)  :  48.000  pour  une  liasse  (40  versions  actuellement  pour  1' 

AIRBUS)  ; 

-  de  la  mise  A  jour  de  ces  reservations  aprAs  1 1  elaboration  dec  schemas  de  cSblages  :  1250  schemas  pour 
une  liasse  (l  avion). 

Cette  procedure  informatique  s'effectue  A  1'aide  de  plusieurs  consoles  alphanumdriques  instalieeB  au  sein 
du  service,  parmi  les  dessinateurs.  Ces  demiers  ont  A  leur  disposition,  plusieurs  programmes  conversationnsls 
charges  de  les  guider  pour  effectuer  ces  travaux. 

Cette  procedure  informatique  ne  supprime  pas  le  travail  de  reservation  des  branchements  mais  foumit  un  cu- 
tll  de  travail  plus  AvoluA  qui  permet  : 

-  d'dliminer  les  registres  tenus  manuellement  :  60  classeurs  de  400  fiches  correspondent  a  toutes  les  ver¬ 
sions  ; 

-  d'dliminer  le  travail  de  verification  des  enregistrements  pour  chaque  schema  de  cSblages  :  1h  par  plan  ; 

-  de  ddceler  une  partie  des  erreurs  ou  incompatibilitds  introduites  dans  la  liasse  electrique  au  niveau  des 

repdrages. 

2.1.2-  Le  SystAme  "G.I.C.E."  assiste  le  service  dlectricitd  dans  la  realisation  d<-  la  liasse  : 

-  en  prenant  en  compte  l'ensemble  des  definitions  c&blages,  equipements  et  val idit-lo  Ians  des  fichiers  dis- 
tincts  d'accAs  direct  (introduction  classique  par  bordereaux  et  cartes  perlorves)  ; 

-  en  faisant  dvoluer  ces  fichiers  au  fur  et  A  mesure  de  1 ' introduc tion  des  modifies ti-  ns,  uniquement  par 
etats  diffdrentiels  ;  cette  procedure  a  pour  avantage  de  diminuer  le  volume  d' inf h  revalider 
manuellement,  l'ordimteur  se  chargeant  de  faire  la  synthese  de  1* ensemble  pour  chaque  validite?  (voir 
fig.l-  Page  2-). 

-  en  donnant  A  chaque  instant  aux  dessinateurs,  la  liste  complAte  (pour  toutes  les  validities)  de  tous  les 
conducteurs,  les  Aquipements,  les  branchements,  les  plans,  les  modifications,  les  avi.-ms  »-t  'ours  validi¬ 
tAa. 

2.1.3-  Le  SystAme  "G.I.C.E."  assiste  le  service  Alectricite  dans  la  diffusion  de  la  l.asse  : 

-  tout  le  processus  de  diffusion  eot  inforrantise  :  une  sArie  de  programmes  permetter.t.,  A  partir  de  criterea 
de  validity  issus  des  fichiers  "avion"  et  "modifications",  d'extraire  de  chaque  fichier  de  base  les  ele¬ 
ments  relatifs  A  la  validite  demand Ae  (voir  fig.  2-  Page  3-). 

-  In  cascade  des  plans  pour  une  validite  donnee  est  ainsi  obtenue  p.ir  un  pmgraramc  partieul ier.  Ce  dernier 
rend  un  service  appreciable  en  supprimant  une  charge  de  travail  tres  import:uitp  qu'il  A  tail  difficile 

d 'assurer  dans  dee  dAlaio  raisonnables. 

-  du  fait  de  1* informatisation  de  la  liasse,  la  cascade  a  Ate  eonsiderablenent  siraplifiee  :  la  rnsjoritA  dec 
ensembles  supArieurs  ont  AtA  supprimAn  et  les  documents  reotants  sont  en  irrande  partie  des  listes  de  sor¬ 
tie  ordinateur  :  (voir  fig.3-  Page  .4-) 

environ  2.350  rApertoireo  ot  2.800  listes  d'equipements  seront  ainsi  supprimAs  pour  les  1 i asses  A. 300 
B2/B4  (et  reoplacAs  par  2  listes  de  sortie  ordinateurs  en  ce  qui  concerns  les  equipments,.. 
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-  Pg.  i  - 

2.  2-  Le  Systeme  "G.I.C.E."  prdvoit  de  prendre  en  compile  lee  besoins  des  services  extdrieurs  utilisant 
la  liasse  dlectrique  : 

PREPARATION,  PSDDTJCTID1},  CONTROLSS,  APfflE-VENTES, 

La  somme  des  informations  "cSblages,  dquipements  et  validites"  qui  constituent  la  BANQUE  DE  DONNEES  BUREAU 
D' ETUDES  peut  @tre  mise  k  la  disposition  des  Services  Extdrieurs.  Ceci  permet  en  particulier  d'eviter  la  duplica¬ 
tion  des  travaux  au  niveau  de  la  saisie  des  donndes  "electricitd"  et  garantit  l'unicitd  de  la  definition  de  che¬ 
que  information.  Les  diffdrentes  applications  actuellement  prdvues  concement  : 

-  la  diffusion  au  Service  Preparation  des  fichiers  c&blages  et  dquipements  pour  une  validity  donnde  pour 
la  definition  des  faisceaux  ; 

-  la  diffusion  au  Service  Approvisionnements  de  1' expression  des  besoins  par  validite  des  differents  ty¬ 
pes  d'equipements  ; 

-  la  diffusion  au  Service  ContrSles  des  documents  de  reference  "Bureau  d'Etudes"  j 

-  la  diffusion  au  Service  Production  des  etats  differentials  "cSblages  et  equipements"  pour  rattrapage  sur 
avion  ; 

-  la  diffusion  au  Service  AprAs-Ventes  des  fichiers  complete  reflAtant  I'dtat  ddfinitif  de  chaque  avion. 

NOTA  :  Ces  diffusions  sont  prdvues  sous  forme  de  bandes  magnetiques  ou  microfiches. 

2.  3-  Conclusion  : 

Le  Systems  "G.I.C.E."  permet  done  :  d'amdliorer  le  processus  d1 elaboration  de  la  liasse  dlectrique,  d'evi¬ 
ter  aux  services  exterieurs  au  Bureau  d'Etudes  de  reprendre  la  saisie  des  informations  "eiectricite". 

Ceci  a ' avAre  trAs  Important  au  moment  oil  1' augmentation  des  demandes  clients  et  done  de  la  cadence  de  sor¬ 
tie  des  avions  en  chains  implique  une  manipulation  d'un  volume  d' informations  de  plus  en  plus  important  dans  un 
ddlai  trfes  court. 

Seide  1' informatisation  complete  du  processus  peut  permettre  de  traiter  ce  problems.  Bn  ce  qui  conceme  le 
Bureau  d'Etudes,  cette  dtape  finale  sera  rdalisde  grSce  A  la  mise  en  place  du  SystAme  "C.A.O.C.E.",  bead  sur  1'  • 
utilisation  du  matdriel  A  dessiner  interactif,  complement  nature!  du  SystAme  "G.I.C.E.". 
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3-  SYSTEM: "C.A.O.C.E." 

Le  Systeme  "C.A.O.C.E."  (Conception  AssistEe  par  Ordinateur  des  Cfiblages  Electriques)  a  pour  but  de  pren¬ 
dre  en  compte  le  deasin  des  schemas  Electriques  sur  du  materiel  interactif  et  de  permettre  la  saisie  au  niveau 
informatique  de  toutes  les  donnees  qui  alimentent  le3  fichiers  de  base  du  Systeme  G.I.C.E. 

3.1-  Materiel  et  Logiciel 

Le  choix  s'est  portE  sur  un  systEme  vendu  "Clefs  en  main"  :  systeme  local  fonctionnant  sur  un  mini-ordina- 
teur  ou  le  logiciel  est  foumi  avec  le  matEriel.  De  ce  fait  il  a  Ete  inutile  de  prendre  en  compte  l'Ecriture  de 
oe  logiciel,  3eule  la  liaison  fonotionnelle  avec  le  SyptEme  "G.I.C.E."  travaillant  sur  un  ordinateur  C.D.C.  (CY¬ 
BER  172)  doit  Stre  programmee • 

Cette  solution  permet  au  Systeme  "C.A.O.C.E."  d'etre  indEpendant  de  la  charge  de  travail  de  oet  ordinateur. 
Elle  permet  auasi  d'utiliser  directement  un  logiciel  important  et  performant  fonctionnant  dejE  par  ailleurs  pour 
des  besoin3  similaires  (BOEING). 

La  configuration  actuelle  qui  reprEsente  la  phase  expErimentale  est  reprEsentEe  ci-dessous  :  (voir  fig.4- 
Page  5-). 

En  phase  opErationnelle  environ  20  postes  de  travail  sont  prEvus  pour  "traiter"  une  liasse  Electrique  d'un 
avion  type  AIRBUS.  Si  l'on  ajoute  les  besoins  AprEs-Ventes  ce  ohiffre  monte  A  30  postes  de  travail,  la  majoritE 
Etant  des  consoles  graphiques. 

3.2-  Principe  d'utilisation 

NOTA  :  le  principe  n'est  pas  encore  entiErement  dEfini. 

Deux  oritEres  importants  devront  cependant  Etre  pris  en  oompte  : 

1 )  Assurer  la  saisie  des  donnEes  "cSblages  et  Equipements"  au  niveau  "C.A.O.C.E."  et  supprimer  ainsi  la 
rEdaction  des  bordereaux  et  la  perforation  des  cartes  au  niveau  "G.I.C.E.". 

2)  Permettre  au  Service  AprEs-Ventes  de  disposer  de  la  liasse  Electrique  du  B.E,  sans  avoir  A  la  redesai- 
ner  entiErement,  la  duplication  se  faisant  au  niveau  informatique  (C.A.O.C.E.). 
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-  Le  principe  qui  avait  6t4  envisage  initialement  est  le  suivant  :  (voir  fig. 5-  Page  6—) 

1-  Pour  une  version  de  base  ou  tous  plans  nouveaux  : 

-  de  recopier  lea  schemas  de  cdblages  aur  la  table  &  dessiner  interactive  ; 

-  de  rfecupferer  directement  lea  informations  "cfiblages"  et  "dquipements"  correspondents  ; 

-  de  verifier  pour  chaque  validity  les  fichiers  ainsi  crfees  avec  ceux  obtenus  par  le  systfeme  "G.I.C.E." 
et  de  dfeceler  ainsi  toutes  lea  anomalies  entre  les  deux  types  de  fichiers  ; 

-  de  donner  fe  l'Aprfes-Vente  une  liasse  felectrique  directement  exploitable  pour  les  besoins  de  la  docu¬ 
mentation  technique  (WDM,  etc  ...)  et  en  concordance  parfaite  avec  la  liasse  B.E. ,  ceci  dans  un  dfelai 
trfes  court, 

2-  Pour  une  version  client  et  tous  plans  modifies  : 

-  d'appliquer  directement  les  modifications  sur  la  liasse  archives  par  le  ays t feme  aoit  aur  table  inter¬ 
active  dans  le  cas  de  modification  importante,  soit  sur  console  graphique  dans  le  cas  de  modification 
mineure  ; 

-  de  supprimer  la  redaction  des  bordereaux  et  la  perforation  des  cartes  cor  espondant  fe  la  phase  "saisie 
des  donndes"  dans  le  systfeme  "G.I.C.E."  j 

-  de  donner  fe  l'Aprfes-Ventes  la  liasse  felectrique  B.E.  directement  exploitable  pour  les  besoins  du  W.D.M. 
Remarque  : 

La  comparaison  prfecedente  entre  les  2  types  de  fichiers  obtenus  par  les  deux  systfemes  est  devenue  inutile 
puisque  la  liasse  est  un  tronc  commun  ou  les  erreurs  dues  aux  bordereaux  et  fe  la  perforation  des  cartes 
n' existent  plus. 


SYSTEME  *GIC£. 


SYSTEME  *  C.AXJC.E.' 
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SUMMARY 


The  current  and  projected  use  of  advanced  computers  for  large-scale  aerodynamic  flow  simulation 
applied  to  engineering  design  and  research  Is  discussed.  The  design  use  of  mature  codes  run  on  con¬ 
ventional,  serial  computers  Is  compared  with  the  fluid  research  use  of  new  codes  run  on  parallel  and  vector 
computers.  The  role  of  flow  simulations  in  design  Is  illustrated  by  the  application  of  a  three-dimensional, 
inviscid,  transonic  code  to  the  Sabreliner  60  wing  redesign.  Research  computations  that  include  a  more  com¬ 
plete  description  of  the  fluid  physics  by  use  of  Reynolds  averaged  Navier-Stokes  and  large-eddy  simulation 
formulations  are  also  presented.  Results  of  studies  for  a  Numerical  Aerodynamic  Simulation  Facility  are 
used  to  project  the  feasibility  of  design  applications  employing  these  more  advanced  three-dimensional 
viscous  flow  simulations. 


INTRODUCTION 

In  the  past  decade,  the  simulation  of  aerodynamic  flows  by  numerical  modeling  on  computers  has 
become  increasingly  acknowledged  as  a  valuable  tool  for  aerodynamics  research.  This  interest  in  flow 
modeling  is  a  result  of  the  remarkable  progress  that  has  been  made  in  developing  efficient  solution  pro¬ 
cedures  for  a  hierarchy  of  approximations  (Refs.  1,  2)  to  the  compressible  Navier-Stokes  equations  govern¬ 
ing  fluid  motion  and  from  the  progress  in  the  development  of  large-scale,  advanced  computers.  These 
advances  have  coupled  to  provide  important  new  technological  capabilities  that  have  added  a  new  dimension 
to  the  partnership  of  theory  and  experiment  (Ref.  2).  In  the  past,  experimental  programs  were  largely 
directed  toward  obtaining  aerodynamic  characteristics  for  point  design  and  obtaining  systematic  data  for 
configurations  and  flow-field  data  not  amenable  to  analysis.  The  improved  capability  of  numerical  simu¬ 
lations  and  the  limitations  imposed  by  most  experimental  programs  are  placing  increased  emphasis  on  tests 
specifically  designed  to  check  theory  at  a  few  critical  points  or  to  generate  data  for  improved  theoretical 
flow  models.  Once  the  numerical  analysis  is  proved  adequate,  it  provides  the  capability  to  explore  other 
geometries  or  flow  conditions  for  which  test  data  do  not  exist. 

Advances  in  numerical  methods  and  computers  have  also  coupled  to  provide  economic  improvements. 
Historically,  computer  speed  and  memory  have  increased  with  time  at  a  much  greater  rate  than  computer  cost. 
Similarly,  the  computational  efficiency  of  numerical  algorithms  is  continually  improving.  This  is  illus¬ 
trated  in  Fig.  1  (from  Ref.  1)  in  which  the  trend  in  relative  computation  cost  due  to  computer  price/ 
performance  improvement  alone  is  compared  with  the  corresponding  trend  due  to  algorithm  improvements  alone. 
The  two  trends  have  combined  to  bring  about  an  extraordinary  cost-reduction  trend  in  computational  aero- 
dynami cs . 

Although  the  technological  and  economic  advances  in  computational  aerodynamics  have  been  remarkable, 
the  full  potential  for  application  to  engineering  design  has  yet  to  be  realized.  Several  numerical  model¬ 
ing  issues  are  still  being  addressed  (Ref.  3),  including:  algorithm  efficiency,  numerical  resolution, 
accuracy  and  stability,  computational  grid  generation,  and  turbulence  modeling.  In  addition  to  these 
issues  are  computer  speed  and  memory  limitations  that  need  to  be  addressed  to  effect  substantial  improve¬ 
ments  in  the  configuration  complexity  and  modeling  accuracy  needed  to  advance  the  role  of  computational 
aerodynamics  in  engineering  design.  In  this  paper,  we  briefly  discuss  present  computer  capabilities,  their 
application  to  engineering  design  and  research  simulations,  and  projected  capabilities  for  more  advanced 
simulati ons. 

ADVANCED  COMPUTER  RESOURCES 

Historically,  increases  in  computer  speed  and  storage  have  had  a  major  effect  on  the  development  of 
computational  aerodynamics  as  well  as  on  computational  physics  in  general.  Figure  2  shows  the  growth 
trend  in  computer  speed  (measured  in  millions  of  floating  point  operations  per  second,  mflops)  as  typified 
by  the  introduction  of  increasingly  advanced  systems.  The  IBM  704,  IBM  7090,  CDC  6600,  CDC  7600  and  their 
contemporaries  are  conventional  designs  based  primarily  on  the  serial  computing  concept.  In  these  systems 
a  computer  instruction  is  required  to  initiate  each  arithmetic  operation  such  as  a  floating  point  addition 
or  multiplication.  Large  increases  in  computing  speed  were  primarily  due  to  substantial  improvements  in 
electronic  circuitry  as  technology  progressed  from  vacuum  tubes  to  integrated  circuits.  Similarly,  storage 
capacities  have  improved  with  the  transition  from  ferrite  cores  to  semiconductor  memories. 

Conventional  computers  have  been  the  principal  tools  used  for  linear  and  nonlinear  inviscid  and 
boundary-layer  method  development  over  the  past  two  decades.  Presently,  most  aerodynamic  design  applications 
use  a  wide  assortment  of  conventional  computers  with  codes  based  on  these  methods.  The  more  advanced  con¬ 
ventional  computers  have  also  been  heavily  used  in  the  development  of  more  complex  models,  such  as  those 
treating  flow  separation  and  turbulence  with  the  Reynolds  averaged  approximation  to  the  Navier-Stokes 
equations.  Unfortunately,  speed  and  memory  constraints  of  these  computer  systems  have  inhibited  the  full 
exploration  of  these  methods  in  three  dimensions  and  have  made  their  design  use  too  costly. 


In  the  1960s  It  was  recognized  that  the  rate  of  Increase  In  speed  of  conventional  computers  was 
being  severely  restricted  by  speed-of-llght  and  heat  dissipation  limits  on  electronic  circuitry.  New 
design  approaches  were  developed  based  on  the  concept  of  a  single  Instruction  Initiating  the  execution  of 
several  Identical  arithmetic  operations.  This  led  to  the  Introduction  of  parallel  and  vector  computers. 
Including  ILLIAC  IV,  COC  STAR-100,  TI  ASC,  and  CRAY-1. 

The  ILLIAC  IV  (Ref.  4),  developed  by  the  University  of  Illinois  and  Burroughs  Corp.,  Implements  this 
concept  with  64  Identical  processing  elements.  The  processors  operate  In  parallel  In  a  lock-step  fashion 
so  that  one  Instruction  can  Initiate  the  simultaneous  execution  of  as  many  as  64  Identical  arithmetic 
operations  (128  In  half-word  mode).  The  STAR-100,  developed  by  Control  Data  Corp.  (Ref.  5),  and  the  ASC, 
developed  by  Texas  Instruments  Corp.  (Ref.  6),  use  a  pipeline  approach.  Here  an  arithmetic  unit  is  seg¬ 
mented  with  each  segnent  corresponding  to  one  of  several  stages,  each  of  equal  time  duration,  that  make  up 
an  arithmetic  operation.  An  Instruction  Initiates  a  stream  of  operands  into  the  pipeline,  so  that  when  it 
is  full  several  operands  are  being  simultaneously  processed,  each  at  a  different  stage  of  completion. 

Much  as  in  an  assembly  line  operation,  results  appear  at  the  rate  needed  to  complete  only  a  single  stage. 
Because  one  instruction  causes  an  operation  to  be  performed  on  numerous  operands,  this  type  of  processing 
Is  essentially  the  same  as  parallel  processing.  Pipeline  operation  Is  most  efficient  on  long  operand 
strings  that  aid  In  minimizing  the  effect  of  pipeline  start-up  and  shutdown.  The  operand  string  is  analo¬ 
gous  to  a  vector  so  these  computers  are  often  called  vector  computers.  Note  that  the  ILLIAC  IV  operates 
on  data  strings  (64  In  length)  and  thus  may  also  be  thought  of  as  operating  on  vectors. 

The  CRAY-1  (Ref.  7),  also  a  vector  computer,  utilizes  several  specialized  pipelines  and  registers 
that  are  optimized  for  vectors  of  length  64  or  multiples  of  64.  Pipelines  may  also  be  "chained"  together 
to  produce  a  longer  pipeline  performing  more  complex  operations,  such  as  an  addition  followed  by  a 
multiplication.  The  result  of  this  combined  operation  appears  at  the  single-stage  rate.  In  addition, 
the  CRAY-1  addresses  the  overhead  penalty  for  scalars  (single  element  strings)  and  very  short  vectors  by 
Including  a  separate  scalar  unit.  Thus  the  machine  is  sometimes  viewed  as  a  conventional  computer  with 
additional  vector  processing  capability. 

The  new  vector  approach  to  computing  has  significantly  affected  simulation  methodology.  Although 
fluid  dynamic  approximations  are  largely  amenable  to  simultaneous  execution  over  large  domains  of  discrete 
(grid)  points,  researchers  have  had  to  adjust  their  approach  in  algorithm  structure  and  coding  techniques 
to  realize  the  potential  of  these  advanced  computers.  Such  new  techniques  are  being  developed  at  an 
accelerating  rate,  however,  as  the  need  fbr  Increased  computing  capability  Is  realized.  In  particular, 
more  emphasis  Is  placed  on  data  organization  (Ref.  8)  because  of  the  parallel  and  vector  computer's  higher 
data  bandwidth  demands  between  memory  and  processing  units.  As  researchers  have  become  more  familiar  with 
these  recently  Introduced  computers,  their  use  In  aerodynamic  simulation  has  grown,  particularly  In  the 
areas  of  fluid  dynamic  research  and  advanced  modeling  studies.  Examples  include  research  computations 
using  transonic  potential  (Refs.  9-13),  Reynolds  averaged  Navier-Stokes  (Refs.  8,  14-16),  and  turbulent 
eddy  simulation  (Ref.  17)  approximations.  In  the  next  two  sections,  examples  are  given  of  the  use  of 
advanced  conventional  computers  for  design  and  the  use  of  ILLIAC  IV  for  fluid  dynamic  research  applications. 

DESIGN  APPLICATIONS 

A  fundamental  goal  of  computational  aerodynamics  is  to  provide  cost-effective  tools  for  design 
exploration.  Aerodynamic  codes  typically  used  In  design  applications  must  meet  three  key  criteria.  The 
first  Is  that  the  code  not  consume  Inordinate  amounts  of  computer  time  and  memory.  For  example,  in  the 
authors'  experience  with  three-dimensional  transonic  flow  simulation,  one  of  the  first  successful  attempts 
(Ref.  18)  at  transonic  wing  simulation  required  about  12  hr  on  the  IBM  360/67  computer.  This  reduced  the 
rate  of  development  of  the  code  and  made  It  unattractive  for  use  in  design  applications.  The  subsequent 
availability  of  the  CDC  7600,  with  approximately  25  times  the  computing  rate  of  the  IBM  360/67,  offered 
substantially  shorter  turnaround  time  and  led  to  accelerated  development.  Typical  runs  on  the  faster 
machine  were  reduced  to  substantially  less  than  an  hour.  This  usually  afforded  at  least  two  turnarounds 
during  prime  shift,  and  the  code  became  attractive  for  use  In  engineering  applications. 

The  second  criterion  Is  that  the  code  adequately  simulates  flows  about  geometries  that  are  sufficiently 
realistic  and  that  It  captures  the  physical  phenomena  that  are  essential  to  the  design  study.  Since  complex 
flows  are  highly  three-dimensional,  the  most  useful  simulations  are  those  closely  approximating  the  dominant 
three-dimensional  aspects  of  complex  geometries.  Although  substantial  progress  has  been  made  In  numerical 
modeling  of  complex  turbulent  flows,  the  three-dimensional  applications  have  been  limited  by  computer 
resources  to  simple  shapes.  This  has  restricted  three-dimensional  design  simulations  to  those  Involving 
Invlscld  linear,  Invlscld  nonlinear,  and  attached  boundary-layer  models. 

The  third  criterion  Is  that  the  code  be  reliable  and  predictable.  This  generally  implies  that  the 
code  is  based  on  a  relatively  mature  methodology  and  that  it  has  gone  through  a  lengthy  process  of  algorithm 
and  model  development,  pilot  code  construction,  test  and  evaluation,  and  subsequent  refinement  and  documen¬ 
tation.  As  a  consequence  of  this  process,  which  usually  spans  several  years,  most  design  simulations  are 
presently  done  on  conventional  computers,  such  as  the  CDC  7600,  Introduced  a  decade  ago. 

Because  of  limitations  Imposed  by  the  above  criteria,  design  simulations  have  not  reached  the  point 
where  they  can  be  relied  on  for  the  full  spectrum  of  performance  data.  Nevertheless,  some  present  design 
analysis  codes  are  being  used  to  provide  key  guidance;  they  have  fostered  a  new  approach  to  aerodynamic 
design.  This  approach  Is  typified  by  the  Ralsbeck  group's  program  (Ref.  19)  to  improve  the  Rockwell  Sabre- 
liner  wing. 

The  objective  of  the  program  was  to  substantially  Improve  the  range  capability  of  the  aircraft 
without  sacrificing  Its  low-speed  performance.  The  key  to  achieving  this  objective  was  redesign  of  the 
wing.  The  requirements  were  that:  (1)  the  wing  fuel  carrying  capacity  be  Increased  to  carry  an  additional 
1200  lb;  (2)  climb  and  cruise  draa  be  improved;  (3)  takeoff  and  landing  field  lengths  be  reduced;  (4)  stall 
characteristics  not  be  degraded;  (5)  the  wing  box  contours  be  unchanged  along  the  entire  lower  surface  and 
along  the  upper  surface  outboard  of  midspan;  (6)  the  existing  ailerons  be  maintained  to  meet  the  cruise 


requirement;  and  (7)  retrofit  be  accomplished  at  a  reasonable  cost.  The  Raisbeck  group  elected  to  make 
heavy  use  of  aerodynamic  simulations  and  chose  the  Bailey-Ballhaus  code  (Refs.  20,  21)  for  three-dimensional 
transonic  simulations  during  the  wing  redesign  effort  to  improve  high  Mach  number  capability. 

The  redesign  procedure  consisted  of  three  basic  steps.  The  first  step  was  to  calibrate  the  code  by 
comparing  computed  wing  surface  pressures  with  flight-test  data  for  the  original  configuration.  The  result¬ 
ing  correlation,  shown  In  Fig.  3  (from  Ref.  22)  provided  the  designers  with  confidence  that  the  code  could 
simulate  the  essential  physics  in  the  flow  field,  which  in  this  case  was  the  strength,  location,  and  extent 
of  the  embedded  shock  wave  on  the  wing  upper  surface. 

The  second  step  was  to  modify  the  wing  geometry  in  the  computer  model  using  the  code  as  a  guide  that 
the  aerodynami cists  could  use  to  reduce  the  strength  and  extent  of  the  shock  wave.  Results  of  this  step 
are  shown  in  Fig.  4  (from  Ref.  19)  where  the  computed  surface  isobars  for  the  modified  wing  (Sabre  60  Mark 
Five)  are  compared  with  those  for  the  original  wing  (Basic  Sabre  60).  The  comparison  shows  that  the 
modified  wing  has  eliminated  the  shock  wave  in  the  inboard  region  and  reduced  its  strength  outboard.  The 
outboard  shock  wave  could  not  be  completely  eliminated  because  of  geometrical  constraints  imposed  by  low- 
speed  performance  requirements. 

The  third  step  was  to  flight  test  the  new  wing  to  evaluate  performance  gains.  Results  are  sumnarized 
in  Fig.  5  (from  Ref.  22);  they  show  a  25%  reduction  in  takeoff  and  landing  field  length,  an  8%  improvement 
in  fuel  efficiency,  and  a  27%  increase  in  range. 

The  above  example  clearly  demonstrates  two  key  assets  of  the  current  design  simulation  capability. 

The  first  is  the  ability  to  study  in  detail  the  major  flow  phenomena  governing  aerodynamic  performance  near 
the  design  point.  The  second  is  the  ability  to  rapidly  investigate  the  design  space  and  to  literally  “cut 
and  file"  on  the  computer.  Presently,  computer  codes  are  limited  in  their  ability  to  predict  complete 
performance  data  for  complex  configurations.  However,  the  availability  of  more  accurate  simulation  models 
coupled  with  increased  computer  capability  will  allow  future  aerodynamists  to  produce  better  designs  even 
more  quickly  and  economically.  In  the  next  section  we  look  at  some  of  the  research  activities  aimed  at 
meeting  this  objective. 

RESEARCH  APPLICATIONS 

The  goal  of  computational  aerodynamics  research  is  twofold:  (1)  the  development  of  more  accurate 
and  efficient  numerical  models  that  capture  increasingly  detailed  flow-field  behavior  and  (2)  the  use  of 
modern  numerical  techniques  to  gain  an  understanding  of  the  underlying  mechanisms  of  fluid  physics  and  to 
explore  questions  still  unanswered  by  experiment  and  simplified  theory.  An  active  area  of  research  involves 
the  simulation  of  fully  turbulent  viscous  flows.  Two  approaches  are  of  particular  interest:  Reynolds 
averaged  Navier-Stokes  and  large  eddy  simulation  approximations  to  the  full  Navier -Stokes  equations. 

Reynolds  Averaged  Navier-Stokes  Equations 

In  this  approximation  the  Navier-Stokes  equations  are  averaged  over  a  time  interval  that  is  long 
compared  to  turbulent  eddy  fluctuations  but  small  compared  to  large-scale  flow  variations.  The  averaging 
process  Introduces  terms  representing  the  time-averaged  transport  of  turbulent  momentum  and  energy.  Such 
terms  must  be  modeled  and  it  is  the  modeling  of  turbulence  that  introduces  the  principal  inaccuracy  of  this 
approach.  However,  in  many  cases  this  approximation  provides  realistic  simulations  of  separated  flows,  for 
example,  unsteady  flows  with  buffeting,  and  is  capable  of  total  drag  prediction  (Ref.  23).  This  promising 
approach,  when  fully  exploited,  should  make  it  possible  to  use  numerical  simulations  for  actual  performance 
prediction  over  a  broad  range  of  flow  conditions  and  geometries. 

A  particularly  interesting  application  of  the  Reynolds  averaged  Navier-Stokes  equations  is  the 
numerical  simulation  of  unsteady  flows  that  are  triggered  and  sustained  by  viscous  mechanisms.  The  first 
demonstration  of  this  capability  was  the  simulation  of  transonic  buffeting  about  a  circular-arc  airfoil 
by  Levy  (Ref.  24).  This  was  soon  followed  by  the  computation  of  buffeting  forces  near  and  beyond  maximum 
lift  for  a  supercritical  airfoil  in  a  high  Reynolds  number  transonic  flow  (Ref.  23). 

Very  recently,  Steger  and  Bailey  (Ref.  15)  simulated  aileron  buzz  using  the  ILLIAC  IV.  In  1947, 
during  wind-tunnel  tests  of  a  semispan  wing  from  the  P-30,  it  was  discovered  (Ref.  25)  that  the  severe 
aileron  vibrations  that  had  been  encountered  in  flight  were  manifestations  of  a  one-degree-of-freedom 
flutter.  This  phenomenon  was  characterized  by  shock-wave  motion  that  produced  a  phase  shift  in  the  response 
of  the  hinge  moment  to  the  aileron  motion;  it  was  found  to  occur  for  certain  combinations  of  Mach  number  and 
angle  of  attack.  This  classical  experiment  was  simulated  two-dimensionally  by  simultaneously  integrating  in 
time  both  the  governing  flow  equations  and  a  siitple  differential  equation  for  aileron  motion. 

The  simulation  results  are  shown  In  Fig.  6  and  reveal  good  agreement  with  the  experimentally  deter¬ 
mined  buzz-onset  Mach  number.  Simulated  histories  of  aileron  deflection  show  that  for  an  initial  4° 
deflection  angle,  the  aileron  returns  to  zero  deflection  for  a  free-stream  Mach  number  of  0.79.  When  the 
Mach  number  is  increased  to  0.82,  however,  a  limit  cycle  oscillation  is  reached.  Figure  7  shows  Mach 
number  contours  near  the  upper  and  lower  limit  of  the  buzz  cycle  and  illustrates  the  severe  shock-wave 
motion. 

It  is  interesting  to  note  that  when  the  viscous  terms  in  the  governing  equations  were  neglected, 
either  stable  or  divergent  aileron  oscillations  occurred;  no  aileron  buzz  was  cbseri'ed  in  the  inviscid  case. 
Furthermore,  the  computer  code  without  adjustment  automatically  produced  the  appropriate  steady  and  unsteady 
flows . 

Only  In  the  past  year  has  the  Reynolds  averaged  Navier-T  tokes  approximation  been  applied  to  simu¬ 
lations  of  three-dimensional  flows.  Due  to  computer  limitations  of  even  the  most  advanced  computers  these 
flows  are  still  relatively  simple  in  geometry.  The  first  such  simulation  (Ref.  26),  obtained  on  the  CDC 
7600,  was  for  a  three-dimensional  swept  shock  wave  interacting  with  a  turbulent  boundary  layer.  Recently, 
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Shang  et  al .  (Ref.  27)  simulated  transitional  and  fully  turbulent  corner  flows  and  obtained  further 
results  (Ref.  16)  on  the  CRAY-1  computer  for  shock-wave  boundary  Interaction  In  a  wind-tunnel  diffuser. 

In  addition,  Pulliam  and  Lomax  (Ref.  8)  simulated  flow  about  a  hemisphere  cylinder  at  angle  of  attack 
using  ILLIAC  IV.  Their  results,  given  in  Fig.  8,  show  a  complex  flow  pattern,  also  studied  experimentally 
(Ref.  28),  involving  three  types  of  flow  separations  on  the  body.  These  Include  a  separation  bubble  on 
the  nose,  a  primary  separation  on  the  sides  and  a  secondary  separation  embedded  within  the  primary  sepa¬ 
ration  along  the  leeward  surface. 

Large  Eddy  Simulations 

This  approximation  Is  based  on  the  concept  that  in  turbulent  flow  it  is  the  large  eddies  that  absorb 
energy  from  the  mean  flow.  These  eddies  are  highly  anisotropic,  vary  according  to  Reynolds  number  and  type 
of  flow,  and  transport  the  principal  turbulent  momentum  and  energy.  The  small  eddies,  on  the  other  hand, 
dissipate  energy,  tend  toward  Isotropy,  are  nearly  independent  of  Reynolds  number  and  flow  type,  and  trans¬ 
port  relatively  little  turbulent  energy  or  momentum.  The  numerical  approach  calls  for  the  direct  simu¬ 
lation  of  the  large  eddies  while  the  small  eddies,  which  are  smaller  in  scale  than  the  numerical  grid 
(subgrid  scale  eddies),  are  modeled.  The  direct  computation  of  the  large  eddies  necessary  for  these  simu¬ 
lations  Is  very  demanding  of  computer  memory  and  storage.  However,  given  sufficient  computer  resources 
this  approach  promises  to  provide  simulations  of  phenomena  such  as  aerodynamic  noise,  laminar-turbulent 
transition,  and  other  turbulent  characteristics  from  theoretical  first  principles.  In  addition.  It  pro¬ 
vides  a  means  for  conducting  numerical  experiments  to  develop  improved  turbulence  modeling  for  the  less 
demanding  Reynolds  averaged  approach. 

Although  large  eddy  simulation  is  still  in  a  primitive  stage,  significant  progress  Is  being  made 
(Ref.  1).  The  increased  need  for  resolution  makes  this  method  a  prime  candidate  for  the  most  advanced 
computers.  Particularly  noteworthy  is  the  work  of  Wray  (unpublished  results  communicated  to  the  author, 
1979)  which  has  been  described  by  Chapman  (Ref.  1).  Previous  simulations  have  been  incompressible,  but 
Wray  recently  conducted  turbulent  eddy  simulations  on  the  ILLIAC  IV  using  500,000  grid  points  (requiring 
approximately  7  million  data  words)  for  compressible  flow  in  shear  layers  and  round  jets.  Vortlcity  con¬ 
tours  for  a  two-dimensional  shear  layer,  shown  in  Fig.  9,  illustrate  the  experimentally  observed  (Ref.  29) 
vortex  pairing.  Figure  10  shows  that  an  initial  three-dimensional  disturbance  develops  irregular  three- 
dimensional  structure  which  is  more  commonly  observed  (Ref.  30). 

FUTURE  COMPUTER  CAPABILITY 

Although  the  growth  in  computer  capability  has  been  remarkably  rapid  there  is  reason  for  concern 
regarding  continued  growth.  In  fact,  the  computer  speed  trend  shown  in  Fig.  1  Indicates  that  a  leveling- 
off  in  speed  improvement  has  already  occurred.  A  major  contributing  factor  is  that  the  initial  defense- 
oriented  drivers  in  electronics  and  computing  are  giving  way  to  consumer  oriented  products,  such  as 
calculators,  digital  watches,  minicomputers,  and  microcomputers.  Although  computers  were  once  nearly  all 
government-owned,  private  business  today  owns  97*  of  the  computers  in  the  United  States.  Through  the  mid- 
1960s,  large-scale  computers  made  up  nearly  100%  of  the  market;  today,  they  account  for  only  a  small 
percentage  of  the  market  and  it  is  projected  that  there  wfll  be  even  further  decreases  in  that  percentage 
in  the  future  (Ref.  31).  Furthermore,  the  emphasis  on  advanced  high-speed  computers  shared  by  many  users 
is  switching  to  the  concept  of  distributing  slower  computers  among  the  users. 

In  the  early  years  of  computer  development  the  U.S.  government  was  a  strong  sponsor  of  numerical 
computing  engines  for  defense  needs;  there  is  no  such  driving  sponsorship  today.  It  is  concluded  that  as 
a  result  of  these  changes,  supercomputers  are  no  longer  the  focus  for  new  electronic  component  technology 
developments,  and  no  large  economic  incentive  exists  for  major  private  capital  investments  In  supercomputer 
development.  It  has  also  been  concluded  by  some  (Ref.  32)  that  the  Federal  government  should  resume  its 
earlier  role  of  sponsoring  the  development  of  supercomputers.  In  recognition  of  these  circumstances  and 
in  recognition  of  the  growing  needs  of  computational  aerodynamics,  Ames  Research  Center  has  undertaken 
studies  to  investigate  the  feasibility  of  developing  a  Numerical  Aerodynamic  Simulation  Facility  (NASF). 

The  purpose  would  be  to  provide,  by  the  mid-1980s,  a  major  new  computational  capability  for  aerodynamics 
that  could  be  a  pathfinder  for  other  scientific  computers  to  follow.  The  goal  would  be  to  achieve  a  two 
order-of-magnitude  performance  gain  over  conventional  computers  to  provide  an  advanced  computing  tool  for 
simulating  three-dimensional  viscous  flows  for  both  design  and  research  applications.  Several  key  results 
of  the  feasibility  studies  are  discussed  below. 

The  NASF  is  viewed  as  a  unique  computational  system  tailored  for  the  numerical  simulation  of  large- 
scale  aerodynamic  and  other  fluid  dynamic  flows.  The  facility  would  support  all  phases  of  large-scale 
aerodynamic  simulation  tasks,  Including  code  development,  input  data  preparation,  code  execution,  result 
editing  and  display,  data  storage/management,  and  other  ancillary  support  activities.  Results  of  the 
studies  indicate  that  this  can  be  best  implemented  by  a  distributed  computing  approach  calling  for  the 
distribution  of  the  various  aerodynamic  simulation  tasks  among  hardware  and  software  systems  best  suited 
to  perform  a  given  function.  The  Implementation  developed  '■"..liis  ot  cm.  *hree-level  hierarchy  of 
'■'stems  shown  In  Fig.  11. 

*t  the  top  level  is  the  flow  model  process  (FMP)  which  is  a  very  high-speec  processor  for  simu¬ 
lating  ..  ie-scale,  three-dimensional  flows  bv  rocessing  the  appropriate  fluid  dynam  c  equation  approxi¬ 
mations  cas.  ;n  the  form  of  numerical  flow  -  ueis.  This  system  consfsts  of  specially  ’esigned  processing, 
memory,  and  con  -ol  elements  fabricated  r  om  advanced,  high-speed,  high-density  Integra  ed  circuit  tech¬ 
nology  components.  Tn  addition  to  t*  .e  hardware  elements,  the  FMP  would  Include  a  compler  for  a  high- 
level  programming  languu^  ,h:"'  .’  un  the  well-known  FORTRAN  language),  an  operating  sysi  ?m,  and  other 
required  software  elements. 

The  middle  level  Is  the  support  processing  system  (SPS)  which  consists  of  procer,ing,  storage,  and 
peripheral  devices  configured  as  a  "front-end"  system  to  support  FMP  simulation  tasks  This  Is  a  sysVm 
of  standard  off-the-shelf  hardware  and  software  elements  providing  three  major  funct-'ons:  (1)  file  storage 
for  programs  and  data,  (2)  management  of  tasks  and  file  movement  to  and  from  the  FV  ,  and  (3)  interactive 
processing  for  source  generation,  compilation.  Input  data  preparation  and  result  editing. 


The  bottom  level  In  the  hierarchy  1$  the  user  Interface  system.  It  consists  of  that  equipment  and 
of  those  hardware/software  subsystems  that  provide  the  means  of  Interface  between  the  FMP/SPS  and  the 
researcher.  This  system  consists  of  three  subsystems:  graphics  display,  work-station,  and  data  communi¬ 
cation.  The  graphics  display  subsystem  provides  the  Important  result-display  function  and  Includes  three- 
dimensional  display  units  with  local  computer  system  support.  The  work-station  Is  an  Intelligent  terminal 
unit  device  consisting  of  keyboard,  low-resolution  color  graphics,  local  file  storage,  and  some  local 
processing  capability.  Work-stations  will  serve  as  the  principal  means  of  user  communication  with  the 
FMP/SPS.  The  data  communication  subsystem  provides  high-bandwidth  communication  links  to  off-site 
researchers. 

Most  of  the  emphasis  during  the  studies  was  placed  on  Investigating  concepts  for  the  flow  model 
processor.  A  major  conclusion  was  that  the  performance  goals  could  be  attained  only  by  exploiting 
parallelism,  a  conclusion  also  shared  by  others  (Ref.  31).  Furthermore,  the  time  required  for  development 
and  associated  technological  risks  would  be  minimized  by  using  state-of-the-art  electronic  components. 

Two  concepts  were  developed,  based  on  these  premises,  one  by  Control  Data  Corp.  (Ref.  33),  the  other  by 
Burroughs  Corp  (Ref.  34). 

The  Control  Data  concept  (Ref.  33)  is  based  on  a  vector  approach  Implemented  by  four  lock-step 
parallel  pipelines  that  support  up  to  triadic  operations  (e.g.,  (A+B)  *  (C+0))  often  found  in  aerodynamic 
simulation  models.  The  machine  architecture  Includes  special  mapping  units  for  assembling  and  disassembling 
contiguous  vector  streams  from  the  noncontiguous  memory  patterns  associated  with  three-dimensional  array 
accesses,  also  found  In  many  models.  The  system  Is  highly  distributed,  allowing  high-speed  concurrent 
operation  of  these  units  as  well  as  a  scalar  unit,  I/O,  and  three  levels  of  memory. 

The  Burroughs  approach  (Ref.  34)  departs  from  the  vector  concept  by  providing  512  Individual 
processors,  each  with  Its  own  working  memory  and  Instruction  decoding  unit.  All  processors  operate  con¬ 
currently,  executing  their  own  programs  with  coordination  facilities  to  enable  them  to  bear  on  a  single 
problem.  The  Independence  of  the  processors  allows  simultaneous  execution  of  different  arithmetic  operations 
as  well  as  the  same  (i.e.,  vector)  operation.  Flexibility  in  memory  access  Is  provided  by  a  connection 
network  between  the  processors  and  a  two-level,  main  memory.  This  network  allows  processors  to  concurrently 
access  random  memory  locations  with  only  minor  performance  degradation  due  to  data  Interference. 

The  approach  used  to  develop  the  above  concepts  consisted  of  matching  computer  technology  to  pro¬ 
jected  computational  aerodynamics  requirements.  One  of  the  fundamental  requirements  Is  a  significant 
Increase  in  grid-point  capability  which  translates  directly  Into  memory  capacity.  Figure  12  shows  a  plot 
(Ref.  1)  of  the  maximum  number  of  grid  points  used  In  various  years  as  reflected  by  publications  In  the 
fields  of  atmosphere  dynamics  and  aerodynamics.  The  trend  is  indicative  of  both  Increasing  computational 
domain  size  and  finer  grid  resolution.  It  Is  of  Interest  to  note  that  the  point  shown  at  1979  is  for  the 

large  eddy  simulation  results  (Ref.  1)  (Figs.  9,  10)  discussed  in  the  last  section. 

Results  of  the  feasibility  studies  are  also  shown  In  Fig.  12,  based  on  a  requirement  of  30  words 

of  memory  per  grid  point,  which  Is  an  approximate  value  for  three-dimensional  Reynolds  averaged  simulations 
that  employ  a  complex  turbulence  model.  Two  points  are  indicated.  The  lower  point  corresponds  to  approxi¬ 
mately  40  million  words  of  random  access  memory  (RAM)  holding  grid  point  data,  miscellaneous  arrays,  and 
code.  The  upper  point  corresponds  to  this  memory  plus  approximately  260  million  words  of  block  access  memory 
implemented  by  charge-coupled  devices  (CCD).  Based  on  the  projections  by  Chapman  (Ref.  1),  the  RAM  memory 
alone  is  sufficient  for  Reynolds  averaged  simulations  about  wings  and  should  suffice  for  more  complex 
geometries  when  used  in  conjunction  with  so-called  zonal  methods  that  combine  invlscld,  boundary-layer, 
and  Reynolds  averaged  domains.  The  additional  CCD  storage  expands  the  memory  capacity  to  treat  more  com¬ 
plex  flows,  including  Reynolds  averaged  simulations  about  wing-body  combinations.  However,  according  to 
Chapman's  estimates,  this  large  memory  capacity  Is  still  not  sufficient  for  large  eddy  simulations  beyond 
the  airfoil  stage.  Increases  by  several  more  orders-of-magnl tude  are  needed  before  this  approach  will  be 
practical  for  complex  shapes. 

The  other  fundamental  requirement  of  computation  aerodynamics  Is  increased  computing  rate  to  match 
the  memory  growth.  In  this  case,  the  studies  accounted  for  the  algorithmic  and  data  flow  structure  of 
three-dimensional  simulation  models  (Ref.  35).  Two  models  were  studied  In  detail:  a  fully  Implicit 
(Ref.  36)  and  a  mixed  Implicit-explicit  (Ref.  37)  approach  to  Reynolds  averaged  simulations.  Both  methods 
showed  a  very  high  degree  of  parallelism,  due  largely  to  their  three-dimensional  nature.  The  projected 
performance  of  these  models  for  both  computer  concepts  was  studied  In  detail.  Results  of  these  analyses 
using  timing  simulations  of  actual  code  sequences  gave  a  range  of  approximately  800-1  ,000  mflops  on  real 
code.  This  corresponds  to  about  ZOO  times  the  execution  rate  of  the  CDC  7600  on  the  same  codes  scaled 
down  to  fit  in  that  machine.  More  general  capabilities  of  the  two  concepts  were  investigated  by  estimating 
performance  for  a  Global  Circulation  Model  supplied  by  the  NASA  Goddard  Institute  for  Space  Studies.  In 
this  case,  the  performance  range  was  a  respectable  500-700  mflops. 

The  projected  capability  of  NASF  In  relationship  to  current  capabilities  and  future  requirements 
for  advanced  simulations  Is  summarized  In  Fig.  13,  This  plot,  again  taken  from  Chapman  (Ref.  1),  shows 
the  computer  memory  and  speed  requirement  In  millions  of  floating  point  operations  per  second  corresponding 
to  simulation  of  a  steady  flow  with  a  1-hr  run  using  1978  numerical  methods.  The  range  In  requirements  Is 
representative  of  nonlinear  Invlscld  simulations  of  transonic  flows  using  the  full  potential  formulations, 
Reynolds  averaged  Navler-Stokes  simulations  over  a  broad  range  of  Reynolds  numbers  and  compressor/turbine 
blade  stages,  and  large  eddy  simulations  In  which  the  viscous  sublayer  Is  modeled.  The  domain  shown  for 
NASF  projects  a  simulation  capability  for  transonic  Invlscld  flows  about  aircraft  configurations  and 
Reynolds  averaged  flows  about  airfoils,  Inclined  bodies,  compressor  blades,  and  turbine  blades  using  only 
the  RAM.  Careful  use  of  buffering  between  RAM  and  CCD  memory  offers  simulation  capability  that  Includes 
helicopter  rotors  and  simple  aircraft-like  shapes.  In  addition  to  these  capabilities,  practical  application 
can  be  made  of  sophisticated  numerical  optimization  techniques  for  complex  shapes  and  three-dimensional 
unsteady,  viscous  transonic  flow  studies.  The  projections  for  large  eddy  simulation  restricts  this  approach 
to  longer  solutions  about  simple  shapes.  However,  based  on  projected  (Ref.  1)  computer  technology  trends 
and  continued  advances  In  numerical  methods,  the  practicality  of  this  approach  could  be  realized  before  the 
end  of  this  century. 
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CONCLUSIONS 

To  meet  the  ever  pressing  demands  of  computational  physics  for  Increased  processing  speed,  computer 
designers  have  Implemented  new  architectures  based  on  parallel  processing  principles  that  represent  a 
significant  departure  from  the  previous  conventional  approach.  The  coexistence  of  two  distinct  computer 
types  leaves  large-scale  computational  aerodynamics  In  a  period  of  transition.  Engineering  design  simu¬ 
lations  are  presently  conducted  on  conventional  computers  using  mature  models.  These  models  are  proving 
to  be  very  useful  In  providing  design  guidance,  but  their  accuracy  limitations  require  that  the  bulk  of 
the  desired  performance  data  be  generated  experimentally.  Meanwhile,  the  new  parallel  computers  are  being 
Increasingly  utilized  for  simulation  research  aimed  at  overcoming  these  limitations.  Constraints  on 
electronic  technology  Improvements  Indicate  that  parallel  computers  are  here  to  stay  and  that  they  will  be 
the  computing  resource  for  improved,  large-scale,  engineering  design  applications  of  the  future.  The  NASF 
feasibility  studies  have  shown  that  by  the  mid-1980s,  the  parallel  computing  approach  can  provide  the  com¬ 
puter  resources  that  when  coupled  with  advanced  numerical  techniques  will  make  a  broad  spectrum  of  three- 
dimensional,  viscous  flow  simulations  practical  for  engineering  design  applications. 
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Fig.  1.  Cost  effectiveness  Improvements 
In  computer  hardware  and  numerical 
methods  (Ref.  1). 


Fig.  2.  Trends  In  effective  computing  speed 
for  representative  advanced  coeputers. 


- BAILEY-BALLHAUS 

-  FLIGHT  TEST 


//  A  \ 


.2  .4  .6  .BCnJ.O 

k/c 


.2  .4  6  .6^1 0 

k/c 


.2  .4  .6  ^8  1.0 

k/c  \ 


2 A  A  '  *>^0 
k/c  \ 


Fig.  3.  Baseline  comparison  of  upper  surface  pressures  determined 
by  computations  and  by  flight  test  for  the  Sabreliner  60  (Ref.  22). 
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Fig.  4.  Comparison  of  computed  Isobars  for  Sabreliner  60  and  Sabreliner  60  Mark  Five  wings: 

M  •  0.78,  C,  *  0.27  (Ref.  19). 
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•  SHORTER  TAKE  OFF  AND  LANDING  FIELD  LENGTHS 
OR  INCREASED  FUEL  LOAD 


- BASIC  60 

- 60-MARK  FIVE 


M  16  18  20  22  24 

TAKE  OFF  GW  -  10001b 


•  8%  IMPROVEMENT  IN  FUEL  EFFICIENCY  AT 
OPTIMUM  CRUISE  M„  (OR  4%  IMPROVEMENT 
WITH  UP  TO  .06  INCREASE  IN  CRUISE  M„  I 


•  27%  INCREASE  IN  RANGE  (UP  TO  61%  INCREASE 

FOR  SOME  TAKEOFF  AND  FUEL  RESERVE  LIMITATIONS) 


BASIC  60  1540  N.M. 

60-MARK  FIVE  1980 N.M. 


Fig.  5.  Suninary  of  results  of  Sabreliner  modification  (Ref.  22). 
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Fig.  6.  Reynolds  averaged  Navier-Stokes  simulated  and  measured 
characteristics  of  transonic  aileron  buzz  (Ref.  15). 


Fig.  9.  Large  eddy  simulation  of  free-shear  layer  with  2-D  initial 
disturbance:  M  -  0.5,  unpublished  results  of  A.  Wray  (1979). 


Fig.  10.  Large  eddy  simulation  of  free-shear  layer  with  3-0  Initial 
disturbance:  M  «  0.5,  unpublished  results  of  A.  Wray  (1979). 
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UTILISATION  DE  L’ORDINATEUR  POUR  LE  DESSIN  DE  CONFIGURATIONS  AERODYNAMIQUES 

par 

Pierre  PERRIER 

Chef  du  Ddpartement  des  Etudes  Theoriqueq  Adrodynamiques 
Division  des  Etudes  Avancdes 
AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION 
78,  quai  Carnot  -  92214  ST  CLOUD  (France) 


0.  INTRODUCTION 


0.1  -  Le  dessin  des  formes  exterieures,  pour  des  raisons  de  conception  adrodynamique,  a  un  role 
extremement  important  dans  la  conception  de  l'avion  parce  que  la  peau  extdrieure  contient  l'ensemble  des 
dquipements  et,  par  ailleurs,  que  cette  peau  est  la  partie  rdsistante  de  l'avion.  Par  consequent,  un 
changement  important  dans  la  definition  des  formes  aerodynamiques  de  l'avion  peut  correspondre  i  une  de- 
pense  trds  dlevee.  Aussi,  y  aura-t-il  deux  raisons  pour  realiser  au  mieux  ces  formes  aerodynamiques,  d'une 
part  pour  obtenir  les  performances  souhaitees  du  vdhicule  aerien  et,  d'autre  part,  cosine  assurance  contre 
les  erreurs  de  conception  qui  couteraient  trds  cher,  en  prix  et  deiais,  dans  le  d€veloppement  du  programme 
correspondant. 

0.2  -  Pour  acquerir  la  definition  adrodynmnique  de  l'avion,  on  utilisait  autrefois  des  raisonnements 
et  des  calculs  trds  simples,  associes  A  des  essais  en  soufflerie  de  maquettes.  L 'utilisation 
systematique  de  l'ordinateur  dans  la  conception  adrodynamique  des  avions  est  relativement  rdcente  ; 
elle  resulte  de  1 ' amelioration  des  puissances  de  calcul  des  ordinateurs  et  du  developpement  de  methodes 
de  calcul  numdrique  adaptees. 

Nous  remarquerons  qu'il  faut  nettement  sdparer  les  probldmesde  conception  et  d' identification 
d'une  configuration  adrodynamique  qu'on  identifiera  aussi  comme  prohldroes  d’optimisation  et  devaluation. 
Dans  ces  deux  cas,  l'ordinateur  apporte  une  aide  considerable  avec,  cependant,  des  efficacitds  tr3s 
diffdrentes  et  des  methodes  d'emploi  dgalement  trds  diffdrentes. 

On  insistera  sur  le  fait  que  ces  operations  d’ontimisation  et  devaluation  ne  sont  pas  equiva¬ 
lences  3  des  operations  d'analyse  et  de  aynth&se  auxquelles  on  fait  allusion  habituel lenient  dans  le 
developpement  d’un  projet  d'avion  ;  1' analyse  est  plus  typiquement  une  recherche  et  une  comprehension 
des  phenomenes  en  cause  et  des  moyens  a  anporter  pour  rem6dier  aux  deficiences  adrodynamiques  relevdes 
et  la  synthdse  est  davantage  une  integration  globale  du  produit  en  general .  On  la  rdalise  par  une 
adaptation  de  paramdtres  globaux  simples  entre  des  points  extremes  qui  ont  dtd  eux-memes  dtudids  dans 
une  etude  systematique  (surface,  fleche  moyenne,  ...). 

0.3  -  Nous  allons  presenter  successivement  dans  ce  rapoort  les  principes  de  conception  et  la  termi- 
nologie  employee  pour  la  conception  et  1 ' identification,  avec  les  diffdrents  niveaux  de  calcul 
associes  qui  sont  d’usage  systematique  aux  AVIONS  MARCEL  DASSAULT-BREGUET  AVIATION  pour  concevoir  les 
nouveaux  prototypes. 

Nous  presenterons  ensuite  deux  exemples  concrets  relativement  simples,  relatifs  A  des  avions 
civils  et  militaires,  permettant  de  voir  ce  qu'apporte  1' introduction  de  l’ordinateur  dans  cette  concep¬ 
tion  adrodynamique,  puis  nous  montrerons  comment  ces  principes  sont  gdndraux  et  font  l'objet  de  mdthodes 
tout  S  fait  gendrales  de  conception  adrodynamique  assistde  par  ordinateur  qui  sont  effectivement  en 
service  dans  notre  Socidte. 

Enfin,  on  indiquera  les  ddveloppements  qui  neuvent  etre  prdvus  dans  les  amides  3  venir,  compte 
tenu  de  1' amelioration  des  possibilitds  de  calcul  qui  est  envisageable. 


I.  REDARGUES  GENE RALES  ET  TERMIN0L0GIE 
1.1-  Le  ddveloppement  continu 

Pour  concevoir  tout  produit  industriel,  un  bureau  d'dtude  procdde  suivant  deux  demarches 
compldmentaires.  Une  ddmarche  traditionnelle  qui  est  une  amelioration  du  produit  par  selection  succes¬ 
sive  des  meilleurs  compromis.  Dans  le  cas  oil  un  produit  industriel  a  une  longue  tradition  de  ddveloppe- 
ment  antdrieur  et  oO  le  nomhre  de  variantes  du  produit  est  relativement  dlevd,  le  processus  du 

bureau  d'dtude  consiste  8  corriger  les  ddfauts  qui  ont  dtd  remarquds  dans  la  production  antdrieure  et  A 
ddplacer  le  compromis  dans  le  sens  qui  amdliorera  les  qualitds  les  plus  remarquables  du  produit  ou  les 
qualitds  qui  font  l'objet  d'un  deficit  par  rapport  A  la  concurrence. 

Ceci  suppose  un  ddveloppement  continu  des  connaissances  et  c’est  la  ddmarche  qui  assure  la  plus 
grande  sdcuritd,  y  compris  dans  le  ddveloppement  gdndral  des  configurations  adrodynamiques  d'avions. 

Ce  type  de  ddveloppement  est  employd  systdmatiquement  par  le  bureau  d'dtude  des  AVIONS  MARCEL  DASSAULT- 
BREGUET  AVIATION  et  constitue  une  base  saine  et  ndcessaire  de  tout  nouveau  projet. 
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1.2  -  La  conception  en  vue  d'objectifs  nouveaux 

Far  ailleura,  en  plus  de  cette  gestion  par  selection  et  par  amelioration  des  produits  prece¬ 
dents,  une  conception  coraplementaire  doit  etre  faite  en  fonction  des  objectifs  &  atteindrdP  En  effet, 
le  choix  des  objectifs  a  atteindre  changeant  sur  le  nouveau  produit,  il  est  imoortant  de  concevoir  le 
nouveau  produit  en  fonction  des  nouveaux  objectifs.  Dans  la  mesure  ou  ces  nouveaux  objectifs  ne  sont 
pas  recouverts  par  les  anciens  produits,  et  dans  la  mesure  ofl  ces  objectifs  sont  nouveaux  par  rapport 
aux  anciens  produits,  la  conception  sera  nouvelle  et  l'enseoble  des  moyens  I  mettre  en  oeuvre  au  point 
de  vue  etude ,  recherche  et  ddveloppement,  portera  sur  un  nouveau  probl&me.  II  est  souhaitable  que  la 
part  de  la  conception  attachde  3  satisfaire  des  objectifs  nouveaux  soit  limitde  dans  un  nouveau  projet, 
de  sorte  que  la  part  qui  ne  bdndficie  pas  d'une  grande  experience  soit  limitde  et  fasse  l'objet  d'une 
Evaluation  precise. 

1.3-  L' identification  finale 

L* identification  du  produit  final  ne  se  fera,  en  fait,  qu'en  essais  en  vol  sur  l'avion  ddfini- 
tif,  mais  on  peut  imaginer  un  certain  ncmbre  d'etapes  intermddiaires  3  base  d' essais  en  soufflerie  de  la 
maquette  la  plus  grande  possible  et  la  plus  representative  possible  et  de  calculs  3  l'aide  du  maillage 
le  plus  serre  possible. 

Dans  la  phase  d' identification,  le  souhait  sera  de  reconstituer  le  mieux  possible  les  qualitds 
et  les  bases  de  calcul  du  nouveau  produit,  alors  que  dans  la  phase  de  conception  le  but  sera,  sur  un 
certain  nombre  de  points  objectifs,  de  rdaliser  le  meilleur  dessin  adrodynamique  possible,  c'est-3-dire 
de  supprimer  des  decollements  ou  de  reduire  des  intensitds  de  choc  par  exemple. 

A  partir  de  la  definition  de  ces  formes  adrodynamiques,  il  sera  possible,  quand  elles  seront 
finalisees,  de  passer  3  la  rdalisation  du  produit  industriel  et  13  nous  rentrerons  dans  une  phase  de 
conception  des  diffdrents  elements  structuraux  et  de  rdalisation  proprement  dite  de  l'avion.  Dans  cette 
nhase,  peut  etre  comprise,  en  partie,  la  rdalisation  de  maquettes  grandeur  ou  de  maquettes  de  taille 
importante  destinees  3  1' identification  en  soufflerie  ou  3  ^identification  en  essais  statiques  de 
l'avion. 


r  i _ ; 
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OPTIMISATION /CONCEPTION 
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REALISATION 


1.4  -  L' interaction  avec  le  bureau  d'dtude 


Cependant,  il  est  important  de  noter  que  l'iteration  sur  la  conception  adrodynaaique  des  formes 
est  beaucoup  plus  en  liaison  avec  l'itdration  de  type  adrodynamique  gdndrale  et  calcul  de  performances 
qu'avec  le  ddtail  de  la  rdalisation  des  pidces  qui  constitueront  le  produit,  alors  que  ^identification 
de  l'avion  suppose  une  ddfinition  de  ddtail  complSte  et  suppose  done  que  le  dessin  de  la  structure  et 
1 ' amdnagement  soit  trds  avaned. 

Comae  la  forme  adrodynamique  contient  l'ensanble  de  la  structure  de  l'avion  et  les  dquipements 
de  l'avion,  il  y  aura  une  interaction  continuelle  entre  le  groupe  de  conception  des  formes  adrodynami- 
ques  et  le  responsable  du  projet  et  de  son  intdgration  en  gdndral,  qui  doit  jouer  3  plein  son  rSle 
d'architecte  du  projet,  en  orientant  l'ensemble  des  choix  en  fonction  des  objectifs  qui  ont  pu  etre 
identifids  comae  dtant,  soit  difficiles  3  atteindre,  soit  impossibles,  soit  trop  faciles  I  atteindre. 
Pour  cela,  il  est  ndeessaire,  pour  le  responsable  du  projet,  de  ddfinir,  avec  de  plus  en  plus  de  prdci- 
sion,  ses  danandes  au  fur  et  3  mesure  de  l'dlaboration  des  formes  adrodynamiques  et  de  leur  Evaluation 
ddtaillde. 


L'obligation  d'introduire  des  donndes  prdcises  dans  l'ordinateur  conduira  finalement  3  une 
bien  plus  grande  somme  de  rdflexions  rationnelles  que  dans  le  processus  classique  oil  le  concepteur 
gdndral  ne  pouvait  qu'dtudier  un  nombre  limitd  de  variantes  et  n'avoir  qu'une  Evaluation  globale  pour 
un  nombre  limitd  d'itdrations  de  conception  adrodynamique  rdsultant  des  essais  en  soufflerie. 
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1.5-  Les  roles  fondamentaux  de  1'ingenieur  dans  une  conception  assistee  par  ordinateur 

On  insiste  sur  le  fait  que  le  role  de  l'homne  est  beaucoup  plus  important  dans  un  syst&ne  de 
conception  assistee  oar  l'ordinateur  des  formes  aerodynamiques  que  dans  un  systeme  classique  d* itera¬ 
tions  sans  usage  de  1 'ordinateur^car,  d'une  part,  les  questions  posees  3  l'architecte  sont  beaucoup  plus 
precises  sur  les  objectifs  a  atteindre  et  sur  les  valeurs  relatives  des  differents  objectifs  5  attein- 
dre  ;  d' autre  part,  les  demandes  a  satisfaire,  au  point  de  vue  aerodynamique,  sont  beaucoup  plus  precises 
puisque  resultant  d'une  analyse  plus  complete  du  probleme  et,  par  consequent,  necessitent  une  reflexion 
plus  importance  sur  les  meilleurs  moyens  S  mettre  en  oeuvre  pour  avoir  des  formes  efficaces  sur  1* ensem¬ 
ble  des  points  de  vol  retenus. 

On  insiste  sur  les  elements  de  compromis  qui  sont  fournis  par  une  serie  de  calculs  en  ordina- 
teur  et  qui  devraient  permettre  d'acceder  &  une  meilleure  qualite  globale  du  produit.  On  pourra  ainsi 
distinguer  deux  niveaux  tres  differents  d *  intervent ion  :  un  niveau  ou  on  jouera  directement  sur  le 
pararaetre,  qui  a  ete  reconnu  comme  devant  etre  travailie,  et  un  niveau  ou  on  jouera  sur  des  quantites 
plus  analytiques  et  elementaires .  Par  exemple,  pour  une  etude  de  trainee  de  profil  en  transsonique,  la 
demande  correspondra  systemat iquement  a  un  certain  niveau  de  trainee  et  on  pourra,  soit  optimiser 
directement  cette  trainee  si  elle  est  accessible  au  programme  de  calcul  el&nentaire  ou,  au  contraire, 
remonter  a  une  evaluation  plus  simple  correspondent,  par  exemple,  a  une  minimisation  d' intensity  de  choc 
ou  a  un  ecoulement  non  decolle  elementaire. 

Suivant  les  cas,  le  choix  sera  plus  ou  moins  economique  en  temps  de  calcul  ordinateur  et, 
par  consequent,  on  voit  la  tr&s  grande  importance  de  1'ingenieur  dans  les  boucles  de  conception  des 
formes  par  ordinateur,  puisque  le  choix  des  meilleurs  moyens  a  mettre  en  oeuvre  et  des  moyens  en 
calcul  par  ordinateur  sera  primordial  stir  le  cout  et  le  delai  necessaire  pour  obtenir  une  convergence 
du  processus  de  conception  aerodynamique  de  1' avion. 

Cette  importance  de  1'ingenieur  responsable  de  1 'aerodynamique  sera  developpee  par  1' expe¬ 
rience  qu'il  acquerra,  et  dans  la  connaissance  des  phenomenes aerodynamiques  de  base  et  dans  leur 
application  sur  differents  avions,  et  dans  1 'applicat ion  des  methodes  d' ecoulement  qui  sont  retenues 
pour  le  travail  sur  ordinateur. 

De  toute  faqon  une  etude  systematique  d' influence  des  principaux  parametres  est  necessaire 
pour  que  1'ingenieur  soit  aide  dans  son  bon  sens  et  son  intuition  ;  au  cours  de  la  recherche  du 
meilleur  compromis  global  il  pourra  ainsi  sans  perdre  sur  les  performances  critiques  bien  evaluees 
se  placer  au  mieux  pour  satisfaire  a  des  criteres  non  evaluables  mathemat iquement  de  simplicity, 
accessibility  aux  equipements ,  etc... 

1.6-  Les  methodes  de  calcul  et  le  compromis  cout-precision 

Avec  un  peu  d ' entrainement  un  ingenieur  pourra  choisir  le  meilleur  compromis  cout-eff icacite 
pour  avoir  la  reponse  a  un  probleme  aerodynamique,  mais  de  plus  il  devra  pouvoir  evaluer  la  relation 
cout-precision  qui  est  fondamentale  a  cause  des  simplifications  souvent  necessaires  qu'il  faut  effec- 
tuer  pour  rendre  calculable  un  ecoulement  complexe.  Par  exemple,  si  l'on  veut  faire  une  optimisation 
en  trainee  d'onde  d'un  avion  nouveau  en  transsonique  on  peut  se  contenter  dans  un  premier  temps  d'uti- 
liser  un  progranroe  linearise  de  trainee  d'onde  d'un  corps  de  revolution  equivalent.  Ce  programme 
a  un  temps  de  calcul  extremement  court  et  peut  done  etre  rendu  interactif  ou  mieux  etre  optimise 
directement,  ce  qui  fournira  les  points  sensibles  de  la  loi  des  aires  et  les  zones  peu  couteuses. 

Pour  aller  plus  loin  dans  la  precision  de  calcul  on  pourra  remplacer  le  fuselage  seul  par  un  corps 
de  revolution  equivalent  et  la  voilure  par  une  plaque  linearisee  avec  un  programme  d' interaction. 

On  pourra  enfin  calculer  l1 avion  complet  sans  linearisation  des  conditions  aux  limites  et  en  fluide 
parfait  ou  en  tenant  compte  des  couches  limites  et  sillages  ou  rneme  des  zones  decollees.  La  gradation 
en  complexite  et  en  cout  de  calcul  depend  ainsi  et  de  la  qualite  de  resolution  des  equations  et  de 
la  qualite  de  la  representation  geometrique  de  1’ avion.  Cette  dependance  est  schematisee  dans  la 
figured  ci-dessous.  Les  temps  de  calculs  passeront  de  quelques  centiemes  d'heure  S  des  centaines 
d'heures  avec  les  ordinateurs  actuels  si  on  a  ete  trop  ambitieux  sur  le  nombre  de  degres  de  liberte 
et  la  valeur  maximale  du  nombre  de  Reynolds  equivalent  dans  une  resolution  des  equations  completes 
de  Navier-Stokes® 


i 
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1.7-  Les  degres  de  liberte  et  les  contraintes  necessaires 

Les  calculs  aerodynamiques  conduisent  l'ingenieur  responsable  1  modifier  les  formes  aero- 
dynamiques  au  mieux  des  objectifs  vises.  Mais  en  fait  sa  liberte  est  assez  limitee  par  suite  des 
nombreuses  contraintes  de  conception  non  liees  a  1 'aerodynamique  mais  liees  a  la  resistance  des 
materiaux,  a  1 ' aero-elasticite  ou  plus  simplement  au  volume  requis  pour  les  equipements  ou  le  carbu- 
rant  ou  pour  la  fabrication.  Ces  contraintes  pourront  s'exprimer  par  des  points  de  passage  obliges 
ou  par  des  raccordements  determines  ou  par  l'existence  de  surfaces  reglees  ou  de  revolution. 

On  pourra  aborder  deux  strategies  opposees  pour  tenir  c-ompte  de  ces  contraintes,  soit  les  mettre 
dans  les  penalisations  que  l'on  ajoute  a  la  fonction  tout  principale  d 'optimisation  (la  trainee 
dans  un  cas  de  calcul  par  exemple)  sous  forme  de  couts  additifs  dependant  de  I'ecart  entre  contrainte 
desiree  et  realisee  (ecart  de  volume  de  caisson  de  voilure  par  exemple  pour  le  carburant  a  une 
valeur  de  reference  souhaitee)  ou  bien  en  limitant  les  degres  de  liberte  de  faqon  a  satisfaire  la 
contrainte  (famille  des  deformations  acceptables  de  profil  passant  toutes  par  les  memes  points 
d'epaisseur  de  longeron  avant  par  exemple). 

La  deuxieme  procedure  est  plus  economique  car  elle  n'introduit  pas  de  degres  de  liberte 
inutiles,  par  contre  elle  n'est  pas  generale  car  les  contraintes  sont  souvent  complexes. 

Nous  verrons  que  ces  demandes  conduisent  a  une  definition  geom€trique  specifique  des 
formes  que  nous  deer irons  au  paragraphe  3.3.1  ci-dessous,  ou  bien  9  un  maillage  de  l'espace  lors 
des  deformations  possibles  qui  permette  la  prise  en  compte  de  deformations  acceptables. 


1.8-  Optimisation  manuelle,  interactive,  autoaatique 

On  distinguera  dans  la  suite  les  optimisations  interactive  et  automatique  dans  le  processus 
de  conception  assists  par  ordinateur  par  opposition  a  l'optimisation  manuelle.  Une  optimisation 
interactive  consiste  en  une  serie  de  calculs  de  temps  unitaires  assez  courts  et  dont  les  resultats 
peuvent  etre  presentes  de  faqon  suf f isamment  Claire  sur  un  ecran  de  visualisation  graphique  pour 
que  les  parametres  d'un  nouveau  calcul  puissent  etre  tres  rapidement  lvalues  et  reintroduits  dans 
l’ordinateur,  qui  donnera  une  nouvelle  reponse  ;  et  ainsi  de  suite  jusqu'9  satisfaction  de  criteres 
moyens  analogiques  exprimes  sur  les  chiffres,  les  courbes  et  graphiques  presentes  en  sortie  sur 
1 'ecran.  Un  temps  elementaire  de  calcul  de  quelques  secondes  et  une  reflexion  inferieure  9  la 
minute  sont  des  chiffres  corrects  dans  une  utilisation  de  ce  type.  Au-del9  ou  en-deqa  le  probleme 
est  trop  simple  ou  trop  complexe  pour  etre  etudi£  interactivement  et  il  vaut  mieux  employer  un 
processus  automatique.  Celui-ci  suppose  devaluation  d'un  critere  de  qualite  ou  de  cout  et  la  pos¬ 
sibility  de  modifier  correctement  les  parametres  d’entree  du  calcul.  Citons  co^ime  exemples  carac- 
teristiques  de  progranmes  interactifs  d'usage  courant  aux  AMD-BA  :  lissage  de  courbes,  optimisation 
de  trainee,  de  portance,  de  decollements  sur  des  profils,  de  repartition  en  envergure,  d'equilibre 
longitudinal  de  l'avion  etc...  La  figure  4  montre  un  exemple  d’utilisation  interactive  d'un  ecran 
9  photostyle  d'entree  dans  le  4e  exemple  ci-dessus. 


COUT  OCUI 

\  / _ k 

COMPAQ  MIS  >  IT«*TfOH 

/  \  / 

PRECISION  EFFICACITC 


IN  SOUFFURIE 
.  Pir  etuis  luccttsif* 


EN  OROINATEUQ 


-  Ptrtssiis  sutceuift  .Dirtcis, 

.  InUrtchfj 

.  Autamah'quts  (Op(limithon) 
.Directement  (Optimum  design). 
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2.  EXEMPLES  DE  CONCEPTION  AERODYNAMIQUE 


2.1  -  Pour  montrer  les  processus  nouveaux  de  conception  qu'il  est  possible  d'utiliser  grace  3  1' intro¬ 
duction  syst&satique  de  l'ordinateur  nous  aliens  retenir  deux  exemples  616mentaires.  L'un  correspond 
au  dessin  d'un  profil  en  transsonique  et  l'autre  au  dessin  d'intEgration  d'une  entree  d'air  en  super- 
sonique.  Les  deux  exemples  ne  seront  pas  Studies  ni  explicites  en  detail,  mais  seulement  pour  un 
nombre  restreint  de  cas  de  calcul  de  faqon  3  mettre  en  Evidence  la  nouveautS  de  la  mEthodologie  plus 
que  la  faqon  exacte  dont  on  l'emploie  dans  une  etude  industrielle. 


2.2  -  Etude  d'un  profil 


Nous  avons  resume  dans  la  planche  ci-dessous  les  Dfiints  caracteristiques  de  la  conception 
directe  ou  aidee  par  ordinateur  d'un  profil  en  transsoniquei© 


ITERATIONS 

MANUELLE8 


OU  ESSAIS 
EN  SOUFFLERIE 


Chocs  msxlmsux 
d'inItnjiH  diminuEt 
voire  onnulds. 


decompression 
maximal*  possible 
sans  dVcollenunt* 


.  rEajustement  DES  FONCTIONS  coOts. 

.  R*  AJUSTEMfNT  OEt  PROGRAMMES  OE  CAlCUl 
PAR  COM PARAISON  A  L'ESPERIENCI. 


.  EX  E  M  PL  £  DE  CONCEPTION  DE  PROFIL 


Dans  la  conception  directe  un  certain  nombre  de  dessins  sont  faits  manuellement  et  des  cal- 
culs  simples  ou  des  recueils  de  rlsultats  experiraentaux  permettent  de  selectionner  quelques  profils 
de  qualite  probable.  Une  serie  d'essais  experimentaux  comparatifs  permet  de  s61ectionner  les  courbes 
de  caracteristiques  acceptable**,  excellentes  ou  inacceptables.  Par  comparaison  on  pourra  choisir  de 
nouveaux  dessins,  les  redEfinir  manuellement  et  les  essayer. 

Dana  une  conception  interactive,  on  effectuera  une  partie  des  comparaisons  de  faqon  directe 
et  en  balayant  par  le  calcul  un  certain  nombre  de  profils  on  pourra  orienter  les  choix  vers  les 
meilleurs  dessins.  Ce  processus  est  l'occasion  de  l'apprentissage  tres  rapide  des  points  sensibles 
mais  peut  etre  moins  precis  que  le  proc€dS  manuel  direct.  En  fait  on  essaie  d'optimiser  ainsi  en  un 
point  par  essais  successifs.  On  rappelle  cependant  qu'un  tel  travail  est  beaucoup  plus  risque  que  le 
processus  d'itSration  complet  en  soufflerie  puisque  la  modeiisation  doit  etre  sommaire  pour  avoir  des 
temps  de  calculs  restreints  et  on  n'obtient  pas  d' information  sur  les  points  non  optimises  ;  ainsi 
a-t-on  couramment  des  ameliorations  locales  impressionnantes  associSes  3  des  deteriorations  de  qualite 
au  voisinage  de  l'optimum.  Une  faqon  habituelle  d'ameiiorer  ces  resultats  trop  ponctuels  est  d’dtendre 
1 'optimisation  3  plusieurs  points  voisins  definissant  des  zones  3  ameiiorer.  En  compensation  on  retien- 
dra  souvent  des  critSres  d'optimisation  assez  simples  pour  etre  facilement  interpretables.  Le  resultat 
d'optimisation  entidrement  automatique  de  ce  type  est  souvent  excellent  et  conduit  6conomiquement  3 
des  dessins  de  bonne  qualite,  que  l'on  pr£cisera  ensuite  en  faisant  appel  3  des  progranmes  de  calcul 
plus  complete  et  surtout  3  des  optimisations  multiples. 
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On  donne  ci-dessous  un  exemple  d 'optimisation  simple  ou  des  contraintes  d'ipaisseur  relative 
au  longeron  et  d'angle  minimum  au  bord  de  fuite  ont  ete  introduites,  le  calcul  est  effectuS  en  sub¬ 
critique  par  methode  d 1  elements  finis, le  maillage  etant  reajuste  a  chaque  iteration, et  la  fonction  cout 
ou  la  figure  de  merite  fait  intervenir  la  survitesse  maximale  et  les  pentes  maximales  de  recompression 
des  couches  limites.  On  distingue  nettement  la  phase  initiate  de  recherche  des  influences  de  base  des 
formes  autorisees  par  les  degres  de  liberty  de  definition  (phase  au  cours  de  laquelle  sont  balayees 
meme  quelques  configurations  tres  eloignees  du  dessin  initial  ou  final  caractSrisees  par  une  ligne 
moyenne  en  S  marquee  du  profil),  Apres  la  phase  initiate  de  ri^cherches  la  descente  vers  la  solution 
est  assez  reguliere  et  est  limitee  par  la  precision  de  calcul® 


OPTIMISATION  D'UN  PROFIL 
MR  UNE  METHOOE  D ‘ELEMENTS  FINIS 


Cx  -  0.5 


Si  l’on  prend  comme  critere  d’ optimisation  la  trainee  d'onde  seule  et  comme  contrainte 
l’epaisseur  relative  on  peut  rechercher  dans  un  diagrarame  portance  nombre  de  Mach  la  forme  des  profils 
optimaux  adaptes  en  chaque  point.  Ces  profils  ne  sont  pas  definis  dans  la  zone  subcritique,  par  contre 
quand  le  Mach  et  la  portance  ont  des  valeurs  suf f isamraent  elevees  il  n’est  plus  possible  de  trouver  des 
solutions  sans  chocs  en  transsonique  et  il  existe  une  forme  optimale  ayant  une  trainee  d’onde  fixie 
pour  chaque  point  du  domaine,  si  du  moins  les  conditions  ne  sont  pas  trop  extremes,  zones  ou  les  pro-* 
grammes  transsoniques  ne  convergent  plus  et  n’ont  d'ailleurs  pas  de  valeur  car  les  cas  riels  sont 
dicolles.  On  peut  tracer  ainsi  une  famille  de  profils  :  depuis  les  profils  symetriques  jusqu'aux  pro¬ 
fils  3  grande  portance  et  faible  nombre  de  Mach.  Tous  sont  optimises  ou  supercritiques  mais  ont  des 
formes  tres  variables.  On  peut  penser  que  de  telles  families  de  profils  permettraient  de  renouveler 
les  vieux  catalogues  de  profils.  En  fait  il  n’en  est  rien  car  leurs  qualitis  hors  adaptation  sont  sou- 
vent  mauvaises  alors  qu’une  forme  relativement  voisine  serait  acceptable.  Aussi  doit-on  optimiser  en 
deux  ou  plusieurs  points  pour  garder  des  qualites  pas  trop  pointues  aux  profils  retenus.  Le  choix  de 
plusieurs  conditions  d ’adaptation,  de  plusieurs  criteres  de  quality  voire  de  plusieurs  types  de  con¬ 
traintes  d’ipaisseur  conduira  A  une  telle  variiti  de  profils  que  l'on  renoncera  A  les  cataloguer. 
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OOMAINE  O'OPTIMIMTIOH  EM  SIIMRCRITIQUE 

bimak :  totimur  donndi  -  OptimatK**  I  putmUn 
Crittn  :  limih  0  buRtting 


Ci  tu*  u  nine  C  RITE  Of 


Nous  donnons ci-dessous  une  comparaison  des  organigrammes  de  conception  de  profile  que  l’on 
a  utilise  ef f ectivement  aux  AMD-BA  pour  la  conception  de  profils  nouveaux.  On  a  separe  dans  ce  tableau 
l’ancienne  conception  manuelle,  la  conception  assistee  en  usage  il  y  a  quelques  annSes  et  la  conception 
par  optimisation  que  nous  utilisons  systematiquement  actuellement.  On  voit  une  diminution  importante 
des  etapes  manuelles  de  conception.  Notons  cependant  que,  si  1 ' intervention  de  l'homme  est  moins  fre- 
quente,  elle  est  beaucoup  plus  delicate  et  exigeante  qu' auparavant  comme  nous  l'avons  indique  au  cha- 
pitre  precedent  ;  notons  iealement  que  le  processus  retenu  actuellement  utilise  une  combinaison  des 
optimisations  interact iveSet  directe  et  que  les  procedgs  d'iteration  sur  les  caracteristiques  completes 
sont  justifies  non  par  des  essais  de  souf fleriebidimensionnels  mais  par  recoupement  avec  des  essais 
de  recherche  tres  detailles  qui  servent  3  evaluer  le  degr€  de  confiance  a  accorder  aux  outils  de  cal- 
cul.  On  a  ainsi  repere  les  phases  de  rlflexion  ou  d' intervention  manuelle  artisanale  par  le  signe  •  , 
les  phases  de  recoupements experimentaux  par  les  signes  E,  EX,  EXX  suivant  qu’il  s'agit  d 'experiences 
globales  de  pesees,  d ' experiences  avec  mesures  de  pressions  et  visualisations  parietales,  ou  d'expe- 
riences  avec  mesures  detaillees  de  champs  de  vitesse  ou  couches  limites  ;  les  calculs  sur  ordinateurs 
sont  reperes  en  calculs directs  A  ,  inverse  V  et  calculs  non  aerodynamiques  X  ou  de  fabrication  en 
commande  numerique.  Les  calculs  d' optimisation  oil  l'ordinateur  effectue  automatiquement  les  iterations 
a  partir  des  indications  des  fonctions  couts  successives  sont  indiques  par  0  en  opposition  aux  m£thodes 
interactives X.  Celles-ci  sont  actuellement  une  part  d€croissante  mais  non  negligeable  ni  completement 
reductible  du  processus  complet.  Rappelons  que  l'on  n' indique  ci-dessous  que  le  processus  de  conception 
aerodynamique  et  que  cette  conception  sera  un  melange  des  trois  types  ci-dessous  suivant  les  possibili¬ 
ty  de  calcul  et  le  cas  etudie. 


Conception  manuelle 

Conception  assistee 

Conception/optimisation 

r*#  Choix  des  conditions  de 
conception 

++  Choix  de  criteres  experi¬ 
mentaux 

•  Evaluation  des  squelettes/ 
epaisseur 

r*#  Corapromis  sur  les  formes 

•  Maquettage  pour  soufflerie 

E  Essais  extensifs  en  souf¬ 
flerie 

L#  Exploitation  des  essais 

•  Modifications  squelette/ 
epaisseur 

•  Choix  de  la  solution 

•  Maquettage  soufflerie 

E  Identification  en  souffle¬ 
rie 

•  Tra^age  pour  fabrication 

l 

— Choix  des  cond. 

— Choix  des  pressions  souhai- 
tees 

Calcul  inverse 

•  Compromis  sur  les  formes 
r*-A  Calcul  direct  transsonique 

Comparaison  transs . /subs . 

•  Maquettage 

EX  Soufflerie  sur  qq.  profils 
— •  Exploitation  des  essais 

— I  Amelioration  de  dessin 

•  Choix  de  la  solution 

X  Maquettage  C.N. 

EX  Identification  soufflerie 

•  Fabrication 

r  EXX  Essais  de  recherche 

Choix  des  cond. 

-*•  Choix  des  criteres/couts 

Recalcul  de  cas  voisins 
p#  Choix  des  points  d'opt. 

O  Optimisation  autom. 

•-A  Identification  calcul 

•  Exploitation  calcul 

X  Calculs  non  aerody. 

I  Ameliorations  locales 

•  Choix 

X  Maquettage  C.N. 

EX  Identification  soufflerie 

J  Fabrication 
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2.3  -  Etude  d'un  element  de  surface  d1 avion 


On  pourrait  dSvelopper  en  detail  la  conception  dfun  element  de  surface  suivant  une  procedure 
analogue  mais  des  problemes  nouveaux  sont  poses  par  la  complexity  du  maniement  des  surfaces  et  egale- 
ment  par  la  difficult^  de  definir  nettement  les  fonctions  et  les  criteres  de  qualite  a  attendre  de 
cette  portion  de  surface.  Nous  montrerons  cependant  sur  un  exemple  sans  ambigulte  que  1* optimisation 
peut  remplacer  avantageusement  dans  certaines  parties  de  1 'avion  un  processus  d'essai  et  erreur  clas- 
sique  ;  beaucoup  de  travail  d* analyse  reste  encore  necessaire  pour  clarifier  les  choix  des  formes 
optimales  de  la  plus  grande  partie  du  fuselage  et  de  1 ' interaction  des  choix  aerodynamiques ,  stucturaux 
et  de  dessin  general. 

Considerons  une  entree  d’air  montee  sur  un  fuselage  en  ecoulement  supersonique.  Pour  opti- 
miser  les  distorsions  dans  le  plan  d'entree  d'air  il  est  necessaire  de  modifier  les  formes  fuselage  en 
amont  pour  assurer  dans  plusieurs  conditions  d' incidence  et  de  vitesse  a  1* inf ini  amont  des  fluctura- 
tions  en  grandeur  et  direction  de  vitesse  dans  le  plan  de  l1 entree  d'air  aussi  faibles  que  possible. 

On  pourra  prendre  comme  critere  d' optimisation  I'ecart-type  de  la  fluctuation  par  rapport  &  la  valeur 
moyenne  ou  toute  autre  mesure  de  la  distorsion  moyenne  ou  extreme  et  comme  contraintes  les  contraintes 
de  fabrication  habituelles  ou  de  raccordement  de  cabine.  On  donne  ci-dessous  un  exemple  d'un  tel  cal¬ 
cul;  Legain  obtenu  sur  la  distorsion  est  de  pr€»s  de  40  %  pour  des  modifications  mineures  du  fuselage. 


EXEMPLE  DE  CONCEPTION  DE  FUSELAGE 

OPTIMISATION  OE  CARTE  ^ENTREE  D’AIR  (EN  SUPERSONIQUE  ) 


a  >  InWnMi  l,B 


Une  chaine  de  conception  assistee  sur  ordinateur  peut  etre  mise  en  place  comme  pour  un  pro¬ 
fit  ;  son  organigranrae  est  presente  dans  les  memes  conditions  ci-dessous  ,avec  les  memes  signes  sch&na- 
tiques ,dans  les  cas  d'optimisation  manuelle,  interactive  ou  d’optimisation  pour  permettre  une  evaluation 
comparee  de  meme  type.  On  notera  1 ' introduction  d'une  phase  de  maquettage  non  pour  essais  mais  pour 
evaluation  directe  a  l'oeil  du  resultat  de  l'optimisation,  par  suite  des  difficultes  de  representation 
graphique  des  formes  generees  par  1 ' ordinateur. 


Conception  manuelle 

Conception  interactive 

Concept ion/optimisat ion 

(-••  Choix  des  conditions  de 
conception 

Dessin  d'un  plan  de  forme 

•  Trace  du  pi.  de  f. 

•  Maquettage  manuel 

p  *•  Retouches  de  pi.  de  f. 

•  Maquettage  pour  soufflerie 

E  Essais  soufflerie,  visua¬ 
lisations 

Exploitation  des  essais 

- •  Modifications  en  soufflerie 

•  Choix  de  la  solution 

E  Identification  en  souffle¬ 
rie 

•  Trace  pour  fabrication 

i 

r++  Choix  des  cond. 

Dessin  du  pi.  de  f. 

V  Calcul  inverse 

i*I  Entree/lissage 

4  Maquettage  C.N. 

*-I  Retouches  pi.  de  f. 

p  *A  Calcul  d' identification 

•  Exploitation  calcul 

A  Maquettage  C.N.  soufflerie 
E  Essai  de  qq.  formes 

l— •  Exploitation  des  essais 
' — I  Ameliorations  locales 

•  Choix  du  meilleur  -dessin 

A  Maquettage  C.N.  soufflerie 

EX  Identification  soufflerie 

J  Fabrication 

r-EXX  Essais  de  recherche 

•  Choix  des  conditions 

r-e*  Choix  criteres/couts 

■♦A  Recalcul  de  controle 

•  Dessin  d'un  pi.  de  f. 

I  Entree/lissage 

-*A  Maquettage  C.N. 

A  Optimisations  locales 

#A  Ident.  calcul  aero. 

-•  Exploitation  calculs 

I  Modifications  locales 

w  Choix  du  meilleur  dessin 

A  Maquettage  C.N.  pour 
souf . 

EX  Identification  souf. 

J  Fabrication 

3.  METHODOLOGIE  GENERALE 


3.1  -  Let  outils  de  calcul  adrodynamique 

Pour  pouvoir  utiliser  efficacement  let  procedures  de  conception  assistde  par  ordinateur  il 
faut  en  fait  bdndf icier  de  toute  une  game  de  m6thodea  de  calcul  dont  la  durde  et  le  cout  (combinaison 
de  la  durte  et  de  la  taille  du  programme  et  de  ses  fichiers  et  dea  couts  d' exploitation  en  entrCe 
sortie)  soient  tris  variables.  Les  plus  rapides  (conditions  aux  Unites  et  equations  linCarisees,  dimen¬ 
sion  rdduite  3  2  ou  2,5)  serviront  aux  boucles  d' iterations  rapides  d'optimisation  directe  ou  interac¬ 
tive,  les  plus  longs  aux  analyses  completes  d'ecoulements  ou  aux  calculs  d' identification,  et  ne  pour- 
ront  Stre  utilisdes  en  optimisation  que  pour  des  fonctions  cout  derivables  et  optimisables  mathdmatique- 
ment  (optimum  design). 

Nous  n'insisterons  pas  sur  les  programnes  biditransionnels  soit  plans  soit  axisymetriques  utiles 
dans  les  petites  iterations  ndcessaires  en  debut  de  projet  et  d'usage  habituel  dans  l'industrie  adros- 
patiale.  Par  contre  les  outils  tridimensionnels  sont  indispensables  pour  concevoir  effectivement  un 
avion  dans  le  detail.  Us  doivent  pouvoir  etre  utilises  soit  en  3D  pur  soit  en  2,5  D  (cf.  I  1.6  et 
PI.  2)  pour  avoir  accds  I  des  temps  de  calcul  plus  courts  ou  a  des  discretisations  plus  serrees.  On 
rappelle  que  le  calcul  en  2,5  D  peut  stre  par  exemple  effectue  avec  la  ddpendance  suivant  la  direction 
de  conicite  de  la  voilure  ou  du  fuselage  approchde  par  la  dependence  calculee  sur  une  discretisation 
grossidre.  Un  calcul  prealable  permet  d'estimer  le  gain  de  precision  que  l'on  peut  atteindre  en  faisant 
une  simple  influence  de  taille  des  maillages. 

Les  outils  en  service  continuel  doivent  couvrir  les  besoins  de  calcul  aux  grandes  portances, 
aux  petites  portances  et  aux  grandes  incidences ;las  premiers  calculs  correspondent  aux  conditions  de  d6- 
collage  et  d'atterrissage  portent  sur  le  dessin  des  hypersustentateurs,  les  seconds  sur  le  dessin  en  croi- 
sidre  ou  en  grande  vitesse, les  derniers  aux  calculs  des  configurations  3  grande  incidence.  Les  mSthodes 
de  calcul  font  appel  aux  methodes  de  singularity  (SING),  de  differences  finies  (D.F.)  ou  d'elSments  finis 
(E.F.).  Pour  le  cas  des  AMD-BA  les  choix  retenus  en  3  D/2,5  D  sont  les  suivants  : 


Type 

Grandes  portances 
hypersustentation 

Petites  et  moyennes  portances 

Grandes  incidences 

Regime 

Subsonique 

Subsonique 

Trans sonique 

Supersonique 

Transsonique 

Equations 

Fluide  parfait  + 
coup lage 

F.P.  ♦ 
couplage 

F.P.  ♦ 
couplage 

F.P. 

Navier-Stokes  + 
modeiisation 

Me  thode 

Sing  2,5  D  +  6aui- 
librage  3  D 

Sing.® 

D. F.  © 

E. F.  ®® 

D.F.  ® 

E.F.®® 

Nous  donnons  ci-dessous  des  exemples  de  calcul  typiques  qui  permettent  de  voir  1 ' emploi  caracte- 
ristique  des  difference  programmes  de  calcul.  Pour  le  detail  des  methodes  employees  on  renvoie  aux  refe¬ 
rences  citees  dans  le  bibliographic  ;  un  tableau  general  est  donne  en  annexe. 
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3.2  -  Les  outils  d' optimisation 


Lcs  methodes  d ’optimisation  directe  par  1 'ordinateur,  comme  base  des  evaluations  prScises  de 
formes, nScessi tent  deux  types  d'outils  numeriques  suivant  que  l'on  peut  exprimer, ou  non,  mathSmatiquement 
les  derivees  des  fonctions  couts  et  le  probleme  physique  rSsolu.  Si  ce  dernier  est  represents  par  une 
equation  aux  derivees  partielles,  et  que  le  cout  est  exprime  mathSmatiquement,  alors  on  doit  developper  les 
outils  efficaces  qui  en  tiennent  compte  et  qui  expriment  1 ' optimisation  de  la  fonction  cout  vis  3  vis  des 
modifications  des  points  du  maillage  qui  correspondent  aux  formes  libSrSes  ;  cette  optimisation  viendra 
comme  boucle  extSrieure  dans  les  boucles  de  controle  optimal  utilisees  pour  resoudre  le  probleme  direct. 

Si  au  contraire  le  probleme  physique  est  complexe  et  represents  par  des  equations  de  couplage 
fluide  parfait,  fluide  visqueux,  ou  des  formes  approchees  et  si  la  fonction  cout  est  complexe  et  non 
differentiable,  alors  on  utllisera  une  recherche  iterative  des  minima  de  la  fonction-cout  a  l'aide  de 
programmes  de  minimisation ®^t  l'on  sera  limits  par  le  nombre  de  degres  de  liberte.  Le  programme  de  mini¬ 
misation  Stant  general  il  devra  etre  conqu  de  faqon  a  accepter  n'importe  quel  programme  aSrodynamique 
comme  sous-programne.  On  pourra  ainsi  optimiser  au  choix  un  nombre  de  Mach  maximum  en  transsonique  ou  une 
trainee  3  portance  donnee,  ou  un  paramStre  de  forme  de  couche  limite  etc  .... 

Notons  que  la  minimisation  de  l'Scart  de  la  rSpartition  de  pression  a  une  rSpartition  voulue, 
constitue  le  probleme  inverse  de  distribution  de  pression  pour  lequel  aucun  programme  particulier  n’est 
ainsi  necessaire. 

3.3  -  La  geomStrie  d' optimisation  et  conception  rapide 


XI  est  necessaire  de  pouvoir  disposer  d'une  geomStrie  de  description  de  l'avion  qui  puisse 
satisfaire  aux  criteres  suivants  : 

-  accepter  des  formes  complexes  quelconques 

-  prendre  en  compte  les  contraintes  imposSes 

-  Stre  utilisable  en  sous-programne  dans  une  boucle  d'optimisation 

-  etre  compatible  avec  les  dSfinitions  requises  en  amont  par  les  programmes  aerodynamiques,en  aval  par  les 
progranmes  de  tracSs 

-  etre  le  plus  leger  possible  en  nombre  de  paramStres 

La  dSfinition  retenue  est  une  definition  par  carreaux  limitSs  par  des  lattes  SISmentaires  du 
53me  degrS.  Ces  lattes  sont  done  totalement  definies  par  les  donnSes  aux  extrSmitSs  des  points,  pentes 
et  courbures  et les  carreaux  par  les  donnSes  sur  les  bords. 

L'unitS  de  dSfinition  de  l'avion  est  un  groupe  de  3  points  dans  l'espace  appelS  triplet.  Le 
point  de  base  P  dSfinit  le  point  extrSmitS  de  latte,  le  point  T  sur  la  tangente  dSfinit  celle-ci  par 
rapport  au  point  de  base  avec  une  surabondance  d'un  paramStre,  de  meme  le  cercle  osculateur  3  la  courbe 
est  dSfini  par  un  point  C  sur  celui-ci. 


Point  P 


Courbe  dt  les  pact 


TRIPLET 

ElEmentjmae 


Cerde  osculateur 

t  I  En  3  D :  9  coordonnEes  ] 
c  \  dont  2  normalteEt*  enTetCJ 


Le  croquis  ci-desaous  rappel le  ce  choix.  On  notera  que  le  choix  dun  triplet  de  points  reels 
peraet  de  trsiter  globalement  celui-ci  lors  de  trsnsfonnstions  gSooAtriques  simples  telles  que  translation, 
rotation,  hooothdtie.  Pour  des  transformations  plus  complexes  le  point  C  ou  le  point  T  sera  raodifiS. 


COUP  BE 


Point  P 


TRIPLET 


Courbt  do  l  upset 


Cerde  otculiltur 

n  JD  :  9  coordonndu 


ElEMEliTAlBE  1 1  \dont  t  nanmlMu  onToiC, 


P.  t,  c,^, 

UTU 

flfMEtlTSIBf 


_ 

Courbe  psrsmitrfe  du  Vdijrt 
enherement  ddfinie  p«r 
let  2  triplet!  exMmu. 


La  latte  du  5eme  degre  attachee  a  deux  triplets  permet  de  reproduire  toute  courbe  gauche  avec 
une  precision  liee  a  la  discretisation. 

On  def inira  de  meme  le  noeud  assemblage  de  deux  triplets  sur  des  courbeB  concourantes  et  le 
carreau  limits  par  les  quatre  lattes  de  base. 

SURFACE 


HIEUO  :  2  Triplets  evec  P  commun  ddfininent 
les  2  courbtt  *u  point  P. 


5.  DEFINITION  QEOMfTBIQUE 


POUQ  OPTIMISATION 


( Les  coordonndti  sont  des  vsrfables 
ou  du  contraintes ) . 


C&RRELU  ■. Surface  dWmenlaim  parjmttrf*  du  Vdtgrt 
passant  per  let  U  lattes  de  base  et  tent 
ddrivde  craisde  aux  nceuds  dens  urn  direction. 


Les  differentes  coordonnees  seront  alors  des  variables  ou  des  contraintes. 

On  donne  ci-dessous  un  exemple  de  possibilites  de  contraintes  dans  le  programme  d'optimation 
imposees  soit  a  priori  par  le  choix  des  degres  de  libert®  soit  sous  forme  de  contraintes  equivalent  S  des 
relations  entre  ces  degres  de  liberte,  la  penalisation  correspondante  a  1 ' inconvenient  de  ne  pas  limiter  le 
nombre  de  parametres  au  minimum  mais  l'avantage  de  ne  pas  nScessiter  l'explicitation  des  relations  imposies 
par  des  contraintes  complexes  telle  une  contrainte  de  visibilite  dans  une  pointe  avant. 


OPTIMISATION  DE  BORO  O'ATTAQUE 
A  CAISSON  BONN* 


CONTRAINTE  BE  VISIBILITY  AUR  POINTE  AVANT 


OPTIMISATION  Oe  BORO  OE  FUITE 
A  VOLUME  OE  CAISSON  00MM< 


.  EXEMPIES  OE  POSSIBILITY  OE  CONTRAINTES  OANS  ^OPTIMISATION 


3.4  -  Le  processus  de  conception 


On  distinguera  le  processus  general  de  conception  du  vdhicule  aerien  du  processus  de  conception 
des  formes  a8rodynamiques  qui  n'en  est  qu'une  petite  partie.  Cependant  cosine  lea  formes  afirodynamiques  ont 
une  importance  essentielle  dans  la  phase  initiate  de  conception  on  peut  considfirer  que  les  premieres  defi¬ 
nitions  generates  des  formes  sont  surtout  un  reflet  du  travail  d' optimisation  aSrodynamique.  Nous  appelle- 
rons  definition  gdometrique  preliminaire  celle  qui  resulte  de  ce  travail  prealable  et  qui  s'appuie  sur  les 
calculs  et  les  essais  de  soufflerie  preliminaires .  Les  calculs  iront  du  simple  au  complexe  c'est-8-dire 
des  ddrivees  de  developpement  continu  initial  au  calcul  d' identification  le  plus  complet  en  passant  par  les 
calculs  2  D,  les  optimisations  2  D  puis  2,3  D,  enfin  3  D,  les  essais  en  soufflerie  occupant  une  place 
croissante.® 


Outre  la  planche  ci-dessus,  on  peut  resumer  les  etapes  cles  des  etudes  aerodynamiques  sur  le 
schema  ci-dessous  : 


Dessin  preliminaire 
de  mise  en  place 


Iteration  avec 
autres  services 
.  structure 
.  syateme  d'armea 


Fluide  parfait 


Fluide  visqueux 


Iteration  avec  1'ar- 
chitecte  du  projet 


1°  Niveau  -  conception  -  optimisation  manuelle/assistSe 

Premiers  calculs  -  optimisation  interactive 
Evaluation  des  portances  et  moments  3  D 
Evaluation  des  trainees  2,5  D  en  fluide  parfait 

Evaluation  des  frotteraents 
Etude  des  dScollements 

Analyse  des  points  particulars 
Optimisation  2,5  D 
Optimisation  3  D 


Iteration  avec 
les  programmes  et 
les  calculs  demandSs 

Compromis  avec  le 
syst&me  d'armes 


Identification 


2°  Niveau  Definition  de  maquettes  d' etude 

|  Etude  des  points  dura 

Optimisation  8  plusieurs  points 
compromis  struturaux 

Acquisition  d'une  forme  pour  Bureau  d'Etudes 
Iteration  des  formes 

Fourniture  de  charges  de  calcul 
Definition  gCometrique  pour  fabrication 


|  .  3"  Niveau 

Analyse  -  Etudes  de  points  particuliers  releves  en  soufflerie  ou  en  dessin 
I  4*  Niveau 


Analyse  -  Etudes  de  points  particuliers  releves  en  vol . 


annexe . 


Une  etude  plus  systSmatique  dea  1‘  et  2*  niveau  eat  docnee  soua  forme  d'organign 


en 


On  notera  un  transfer t  progress! f  des  travaux  de  l'ordinateur  2  la  soufflerie,  puis  au 
vol  2  mesure  que  le  projet  se  de ve loppe  et  se  precise  -  l'ordinateur  dtant  un  outil  d ’analyse 
remarquable  mais  un  mediocre  outil  d’ identification  complete  pour  1 ’ af rodynamique .  Par  contre,  la 
conception  ddtaillee  de  la  structure  et  la  fabrication  correspondront  2  une  charge  croissante  de 
l’ordinateur  grSce  2  des  systSmes  int£grds  d’aide  au  dessin  et  2  la  fabrication® 


CONCLUSION 


On  a  vu  que  le  niveau  actuel  des  calculs  d’a£rodynamique  que  l’on  peut  effectuer  sur 
ordinateur  a  permi a  de  dfvelopper  aux  AMD-BA  une  chafne  de  conception  fortement  assistfe  par 
l'ordinateur.  L'expdrience  de  l'optimisation  assistSe  par  ordinateur  syst&natique  que  nous  effec- 
tuons  depuis  nos  derniers  prototypes, particulierement  le  FALCON  SO  et  le  MIRAGE  2000,  permet 
d'esperer  des  gains  importants'A'dans  le  dessin  des  formes  adrodynamiques  des  avions  en  cours 
d' etude. 


Elle  conduit  2  l'emploi  continu  de  techniques  d 'optimisation  reservant  2  l’ing^nieur  un 
travail  de  reflexion  beaucoup  plus  difficile  et  complexe  que  par  le  passe,  par  suite  de  la  finesse 
des  etudes  faites,  des  implications  enfin  correctement  evaluees  des  contraintes  et  des  objectifs 
initiaux  et  de  la  necessity  continuelle  de  pr6ciser  les  choix  et  les  compromis  qui  etaient  souvent 
faits  autrefois  de  fa;on  vague  et  floue. 

C’est  la  difficile  rigueur  intellectuelle  ainsi  developpSe  qui  permettra  cette  amelioration 
-  2  condition  que  soient  conserves  le  bon  sens  ...  et  l'humour  necessaire  pour  attenuer  la  sSche- 
resse  des  resultats  renvoyes  en  echo  par  l'ordinateur. 
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WING  DESIGN  PROCESS  BY  INVERSE  POTENTIAL  FLOW  COMPUTER  PROGRAMS 
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Torino,  C.  so  Marche  41  -  10146  -  ITALIA 


SUMMARY 

Application  of  advances  in  the  computational  fluid  dynamics  now  available  can  provide  an  useful  basis 
for  design  studies  of  wings. 

The  present  paper  is  intended  primarily  to  illustrate  the  approach  to  wing  design  by  inverse  techni¬ 
que.  A  brief  review  of  the  numerical  tools  employed  in  the  design  process  is  given  and  the  involved  tech 
nology  is  discussed  in  some  detail. 

Finally  an  application  to  a  design  study  aimed  to  demonstrate  potential  improvements  of  supercritical 
wing  technology  is  described. 


LIST  OF  SYMBOLS 


A 

b 

c 

CD 

CL 

CM 

ETA  =  Zf- 

b 

M 

R 

Re 

t 

x 


y 

z 

oil 

fc 


X 

A 


Aspect  ratio  of  wing 
Span  of  wing 
Chord  of  wing  section 
Drag  coefficient 

Lift  coefficient 

Pitching  moment  coefficient 

Pressure  coefficient 

Spanwise  dimensionless  distance 

Mach  number 
Radius  of  curvature 
Reynolds  number 

Maximum  thickness  of  wing  section 

Distance  along  chord  line  from  leading  edge  of  wing  section 

Distance  along  span  from  centreline  of  wing 

Ordinate  of  wing  section  surface 

Angle  of  attack 

Angle  of  twist 

T railing  edge  angle  of  wing  section 
Taper  ratio  of  wing 
Angle  of  sweep 


Subscripts  : 


LE 

Refers  to  leading  edge 

TE 

Refers  to  trailing  edge 

2D 

Two-dimensional  value 

3D 

Three-dimensional  value 

25 

Value  at  quarter  chord 

Freestream  conditions 

* 

Critical  CM  *  1.0)  conditions 
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1.  INTRODUCTION 

In  the  last  years  both  the  developments  of  the  computational  fluid  dynamics  and  the  availability  of 
large  storage-high  speed  computers  has  strongly  affected  the  aerodynamic  design  of  aircrafts.  Star¬ 
ting  from  potential  theory  numerical  methods  have  been  developed  which  give  good  predictions  for  the 
aerodynamic  characteristics  of  a  new  configuration  even  at  an  early  design  phase,  i.  e.  before  wind 
tunnel  tests  allowing  considerable  savings  of  time  and  money. 

Numerical  solutions  already  available  cover  an  increasingly  wide  range  of  types  of  flow,  but  this 
paper  is  limited  to  attached  steady  flows  only.  Calculation  of  subsonic  and  supersonic  flows  around 
2-D  and  3-D  bodies  as  airfoil  sections,  wings  and  wing-body  combinations  are  today  routine  jobs  not 
only  in  research  centers  but  in  industry  to o.  For  the  transonic  flow,  which  is  by  far  the  most  compH 
cated  one  due  to  the  strong  non-linearity  and  the  mixed  elliptical  and  hyperbolic  type  of  the  governing 
equations,  only  2-D  solutions  have  been  brought  to  an  effective  standard,  whilst  current  solutions 
for  the  3-D  case  are  not  yet  satisfactory  from  a  cost-effectiveness  standpoint,  due  to  the  inaccura  - 
cies  of  the  linearized  solutions  (Transonic  Small  Perturbation  Methods)  or  to  the  high  computer  time 
required  to  solve  the  full  potential  equations  (Finite  Difference  and  Finite  Volume  Method). 

A  very  actractive  fallout  of  the  numerical  approach  to  the  aerodynamic  design  is  the  supercri¬ 
tical  wing  technology  which  is  one  of  the  most  promising  answer  to  the  demands  for  aircrafts  to  fly 
efficiently  near  the  speed  of  sound.  The  problem  of  the  aerodynamicist  is  to  shape  a  wing  of  a  given 
planform  in  such  a  way  that  at  the  design  condition  the  recompression  from  supersonic  to  subsonic  velo 
cities  on  the  upper  surface  of  the  wing  occurs  without  or  at  least  with  weak  shocks. 

Within  the  computational  tools  suitable  to  overcome  this  difficult  task,  a  basic  subdivision  may  be 
done  into  analysis  and  design  codes:  the  former  solve  the  so-called  direct  problem  which  is  the  deter 
mination  of  the  flow  around  a  body  flying  at  fixed  speed;  the  latter  deal  with  the  inverse  problem  which 
consists  in  calculating  the  body,  subject  to  certain  geometrical  restrictions,  which  produces  a  pre¬ 
scribed  flow. 

Inverse  design  computer  programs  for  subsonic  airfoils  have  successfully  proven  their  capability 
to  aid  the  design  process  allowing  the  aerodynamic  designers  to  deal  with  pressure  distributions  rather 
than  with  airfoil  geometry.  Lift,  pitching  moment  and  boundary  layer  development  are  thus  specified 
directly  by  input  data  and  the  inverse  code  output  defines  the  shape  of  the  airfoil  which  satisfies  the  re 
quirements,  if  any.  During  last  years  new  methods  for  the  design  of  shock-free  airfoils  have  been  publi_ 
shed:  though  their  use  is  more  complicated  as  they  depend  on  numerical  solution  of  the  hodograph  equa 
tions,  they  are  a  very  helpful  approach  to  design  advanced  airfoils  for  transonic  speeds.’ 

Both  subsonic  and  transonic  2-D  design  codes  have  been  implemented  at  Aeritalia  through  methods 
available  in  the  open  literature  or  contributed  by  partners  fi  rms.  An  original  3-D  design  computer 
program  has  been  recently  developed  at  Aeritalia  and  it  is  presented  in  this  paper.' 


2.  METHODOLOGY 

Before  discussing  the  wing  design  procedure,  it  seems  necessary  to  remark  here  that  while  physi¬ 
cal  considerations  ensure  that  there  is  always  a  solution  to  the  direct  problem  (because  it  is  the  bodv 
which  determines  the  flow)  it  is  impossible  to  state  that  for  any  arbitrary  flow  field  a  solution  can  exist, 
or  that  the  solution  is  physically  meaningful.  From  an  engineering  stand  point  this  only  means  that  the 
input  conditions  supplied  to  the  inverse  code  must  be  carefully  analysed  in  order  to  allow  for  a  reali¬ 
stic  solution  of  the  problem. 

For  example,  in  the  2-D  case  the  Morawetz's  theorem  [l]  states  that  the  problem  of  computing 
shock-free  transonic  flow  around  a  given  airfoil  is  not  well-posed  because  smooth  transonic  solutions 
do  not  exist  for  any  airfoil  shape.'  In  the  3-D  case  the  inverse  problem  may  be  not  well-posed  even  for 
subsonic  flow  because  as  shown  in  Si  oof  and  Woogt  paper  [2]  near  the  root  of  wings  different  geome¬ 
tries  produce  almost  the  same  pressure  distributions.  Nevertheless  convergence  to  a  solution  will  be 
considered  here  in  an  engineering  sense. 

A  reasonable  way  to  use  inverse  technique  for  wing  design  is  illustrated  in  Fig.'l.'  Usually  at  the 
beginning  of  the  design  loop  wing  planform,  maximum  thickness  distribution  along  the  span  (or,  at  least, 
its  mean  value)  and  wing  loading  are  given  from  parametric  studies.  Firm's  past  experience  and  state 
of  the  art  of  experimental  and  theoretical  methods  affect  the  choice  of  the  basic  aerodynamic  philoso  - 
phy  which  in  turn  makes  possible  the  definition  of  the  goals  for  the  design,'  The  following  task  to  be 
performed  is  the  choice  of  a  proper  design  condition:  for  a  transport  aircraft  the  cruise  condition  must 
be  selected  but  the  variety  of  mission  for  combat  aircraft  requires  that  the  choice  of  the  design  point 
makes  compatible  all  the  off-design  conditions:  hence  for  a  combat  aircraft  wing  the  design  point  is 
strongly  related  to  the  chosen  aerodynamic  philosophy. 


From  the  3-D  case  the  design  point  is  derived  for  the  basic  airfoil  section:  for  swept  wings  the 
sweep  relationships  are  generally  used  (Fig,  2).  If  the  inverse  design  code  solves  potential  equations 
viscous  effects  can  be  taken  into  account  by  some  empiricism  modifying  the  lift  coefficient  and  the  Mach 
Number  of  the  design  point  (see  [2j).  Now  a  target  pressure  distribution  is  selected  and  given  as  input 
to  the  numerical  program  which  automatically  produces  the  section  geometry:  generally  many  pressure 
distributions  must  be  tested  before  obtaining  a  satisfactory  airfoil  shape  so  that  both  geometrical  con¬ 
straints  and  off  design  performance  are  satisfied. 

Sweep  relationships  are  used  again  to  get  the  basic  streamwise  airfoil.'  The  inverse  code  modifies 
the  input  geometry  and  automatically  determines  the  twist  and  camber  distributions  along  the  span  in  or 
der  to  match  the  prescribed  pressure  distribution  over  a  set  of  spanwise  stations.'  As  in  the  2-D  design 
loop  a  trial-and-error  procedure  allows  to  get  a  compromise  between  geometry  constraints  and  off-de 
sign  performance. 

At  the  end  of  the  whole  process  geometrical  details  are  available  for  the  lofting  of  a  wind  tunnel  mo 
del:  however  it  is  highly  desiderable  to  perform  an  extensive  experimental  verification  of  the  basic  air 
foil  section  at  the  end  of  the  2-D  design  loop. 

3.  COMPUTATIONAL  TOOLS 

A  brief  survey  of  the  numerical  codes  available  in  Aeritalia  for  aerodynamic  design  purposes  is  gi 
ven.  As  emphasis  is  put  On  inverse  procedure,  only  a  list  of  the  direct  codes  involved  in  the  analysis 
of  the  off  design  conditions  is  given  whilst  the  design  codes  are  discussed  in  some  detail.' 

3. 1  Direct  Codes 

The  following  codes  are  available  at  present  (1979): 

-  Bauer-Garabedian-Kom-Jameson  (B GKJ)  (3j  ,  [4]  ,  [5] 

Finite  Difference  Methods  for  computation  of  flows  with  shocks  past  given  airfoils.'  The  latest  ver  - 
Sion  contributed  by  Jameson  has  allowance  for  viscous  effects  by  calculation  of  boundary  layer  displa 
cement.' 

-  Subsonic  Panel  Method  (MBB  version)  [6j 

For  computation  of  subcritical  flows  around  any  arbitrary  3-D  configuration. 

-  Eberle  Finite  Element  Method  [7J 

For  computation  of  flows  with  shocks  around  given  isolated  wings. 

-  Walz  Method  [8j 

For  calculation  of  boundary  layer  characteristics. 


3.  2  Inverse  Codes 


The  numerical  code  performs  the  calculation  of  the  airfoil  shape  required  for  a  given  pressure  distri 
button.  The  Weber  Method  deals  with  airfoils  or  sheared  wings  in  incompressible  flow.'  According 
to  linear  potential  theory  the  perturbation  velocities  are  split  down  in  two  t  -ms  due  to  thickness  di¬ 
stribution  and  to  camber  and  angle  of  attack:  the  former  is  represented  by  a  source  distribution  over 
the  chord  line  and  the  latter  by  a  vortex  distribution.'  From  a  basic  thickness  distribution  the  vortex 
distribution  required  to  produce  given  velocities  on  the  upperside  may  be  solved  and  the  airfoil  sha¬ 
pe  determined.  As  linear  theory  is  used  the  present  method  is  limited  to  airfoils  which  are  not  too 
thick  or  too  cambered  to  violate  small  perturbations  assumption.  Compressibility  effects  may  be  taken 
into  account  by  use  of  similarity  laws.  A  straight-forward  application  of  this  method  is  the  so  called 
"subcritical  roof-top"  airfoils. 

Multielements  Airfoil  Design  Method  [loj  ,  [llj 

This  design  program  is  basically  that  illustrated  in  ref.  [lo]  by  Beatty  and  Narramore  who  have 
joined  together  the  surface  singularity  method  and  the  Wilkinson  design  method.'  Starting  from  an 
initial  airfoil  section,  an  iterative-direct  scheme  is  used  to  define  the  geometry  of  the  airfoil  which 
give*  the  required  velocity  distribution  on  its  upper  side.'  As  surface  singularity  method  is  used  for 
■he  analysis  of  the  converging  solution,  the  present  method  overcomes  the  limitations  inherent  in 
u» Ser  Inverse  method.'  Furthermore  it  is  possible  to  compute  multielement  sections  too,  which  al  - 
■  .mtlal  design  of  high  lift  systems. 


-  Eberle  Hodograph  Method  [l2] 

By  this  method,  based  on  the  reograph  analogy  of  Sobieczky  it  becomes  possible  to  design  transo¬ 
nic  airfoils  which  exhibits  at  least  in  the  design  condition  a  shock-free  recompression  from  super 
sonic  velocities.  Some  experience  is  required  to  use  this  numerical  method  mainly  because  for  ge 
nerating  solutions  one  must  prescribe  the  speed  at  infinity  and  a  set  of  values  for  the  local  angle 
of  flow  and  the  local  Mach  number  M  at  the  airfoil  contour:  the  dependence  of  maximum  thickness 
and  lift  coefficient  from  these  parameters  is  not  too  easy  to  establish  a  priori. 

-  Sobieckzy  Optimization  Method  [13] 

A  version  of  this  method  was  recently  implemented  in  Aeritalia  by  modifying  the  BGKJ  code.'  It  ena 
bles  to  adjust  the  supersonic  contour  of  an  existing  airfoil  in  order  to  get  a  shock  free  flow  at  the 
design  condition.  In  spite  of  its  attractiveness  due  to  the  very  simple  way  of  prescribing  the  input 
data  (only  the  shape  of  the  original  airfoil,  and  the  angle  of  attack  and  the  Mach  number  which  de¬ 
fine  the  design  condition,  must  be  provided),  it  seems  that  the  off -design  conditions  exhibited  by 
the  generated  airfoils  are  not  always  satisfactory. 

-  Inverse  Rmel  Method 

This  method  is  an  extension  to  the  3-D  case  of  the  Multielement  Airfoil  Design  Method  presented 
hereinbefore  which  was  recently  developed  in  Aeritalia  by  the  author.'  The  flow-chart  of  the  itera 
tive  direct  scheme  is  given  in  Fig.‘3.‘  The  flow  of  the  program  begins  by  definition  of  the  pressu¬ 
re-specified  bodies  (wing)  and  the  geometry  specified  ones  (fuselage  and/or  external  bodies  such 
as  engine  nacelles  or  weapons):  for  the  former  a  set  of  upper  surface  pressure  distributions  and 
the  initial  shape  of  their  respective  streamwise  sections  along  the  span  must  be  given.'  At  the  first 
step  of  the  iterative  loop  the  given  configuration  is  analysed  by  the  panel  method  program:  then 
the  computed  pressure  distributions  are  compared  with  the  required  ones  and  an  array  is  built  up, 
each  element  of  which  fits  the  difference  between  the  streamwise  component  of  the  actual  velocity 
and  the  value  satisfying  the  given  pressures.  Now  a  distribution  of  vortices  aligned  to  the  x/c 
constant  lines  are  put  over  the  wing  mean  surface:  these  singularities  induce  the  required  tangen¬ 
tial  velocities  on  the  external  surface  and  normal  velocities  on  the  mean  surface  which  may  be  in  - 
terpreted  like  a  change  in  the  streamwise  local  slope  because,  according  to  linear  theory, at  each 
station  the  mean  line  must  be  a  streamline.'  A  new  mean  surface  thus  results  and  the  initial  thick¬ 
ness  distributions  are  wrapped  around  it  (it)  to  get  a  new  wing  shape,  which  in  turn  has  to  be  ana 
lysed  by  the  direct  method.'  The  loop  is  automatically  iterated  until  a  satisfactory  solution  is  ap¬ 
proached. 

Key  features  of  the  present  method  are: 

-  use  of  a  panel  type  method  for  the  solution  of  the  direct  problem  by  which  the  presence  of  the 
real  fuselage  and/or  external  stores  may  be  taken  into  account; 

-  use  of  the  Romberg  algorithm  [id]  ,  for  the  integration  of  the  velocities  due  to  the  vortices  di¬ 
stribution. 


4.  COMPUTATIONAL  CONSIDERATIONS 

All  numerical  programspresented  here  are  written  in  FORTRAN  IV  language  and  require  at  most 
a  storage  of  400K  bytes.'  The  amount  of  computing  time  required  by  each  program  depends  on  the  fol¬ 
lowing  items: 

a)  size  of  the  computational  grid;  b)  number  of  iterations  performed;  c)  choice  of  the  basic  algorithms. 
In  particular  3-D  codes  are  more  expensive  than  2-D  ones  and  panel  type  solutions  of  subcritical  flows 
are  faster  than  both  Finite  Difference  Method  and  Finite  Element  Method  used  to  calculate  transonic 
flows  with  shocks.1 

From  typical  applications  run  at  Aeritalia  on  an  IBM  370/158  computer  running  times  are  spread 
from  about  20-30  seconds  needed  for  computation  of  subcritical  flow  past  a  given  airfoil  to  about  60 
minutes  needed  to  solve  transonic  flow  around  a  given  wing. 


5.  APPLICATIONS 

In  order  to  assess  the  feasibility  of  improving  transonic  performance  of  a  swept  wing  bv  use  of 
"ad  hoc"  designed  supercritical  sections,  a  design  exercise  based  on  numerical  methods  has  been 
performed  and  the  geometry  of  an  advanced  wing  defined.  The  new  wing,  called  B,  has  the  same  plan 
form  and  maximum  thickness  distribution  of  the  basic  wing  A,  used  as  reference  for  theoretical  com¬ 
parison  (Fig,  4). 


(x)  Another  option  is  available  which  allows  to  maintain  the  lower  surface  unchanged  and  to  modifv 
the  upper  surface  only. 
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The  basic  philosophy  involved  in  the  present  wing  design  is  shown  in  figure  5.  In  designing  the  new 
airfoil  section  a  compromise  between  the  optimal  target  pressure  distribution  and  good  off-design  cha  - 
racteristics  was  to  be  reached,  which  implies  that,  starting  from  the  design  point,  the  rate  of  increase 
of  shock  strength  when  increasing  lift  coefficient  or  Mach  number  would  be  as  low  as  possible.  The  3-D 
design  was  aimed  at  reproducing  on  the  wing  the  pressure  distributions  given  by  the  airfoil:  furthermo¬ 
re  as  this  is  nothing  more  than  a  demonstrative  exercise  a  straight  isobar  pattern  for  the  upper  surface 
and  a  constant  thickness  distribution  across  the  span  were  chosen. 

The  design  point  for  wing  B  was: 

s  Cj  =  .  50  .  80 

which  is  well  above  the  critical  Mach  number  experienced  by  the  t  tore  conventionally  designed  wing  A. 
Beginning  from  these  conditions  the  design  loop  of  figure  6  was  performed. 

5.  1  Design  of  the  supercritical  section  A2 

The  development  of  the  new  section  A2  was  accomplished  by  Hodograph  Method  for  the  design  point  of 
»  .70  and  Mach  =  .  70  corresponding  to  a  real  viscous  flow  condition  of  about  -  .'6  15  and  Mach 
»  .  71  obtained  by  cosine  law  from  3-D  design  point.  Starting  from  the  calculation  of  the  flow  charac¬ 
teristics  around  the  section  called  Al,  which  is  the  normal  to  the  quarter  chord  section  of  the  wing  A. 
a  new  boundary  in  the  hodograph  plane  was  defined  in  order  to: 

-  attain  the  minimum  pressure  (corresponding  to  a  local  Mach  number  of  about  1,251  close  to  the  lea  - 
ding  edge  of  the  airfoil; 

-  get  a  smooth,  isoentropic  recompression  from  the  peak  pressure  to  the  subcrltical  pressures; 

-  realize  a  pressure  recovery  to  the  trailing  edge  velocity  with  adequate  margins  to  rear  separation; 

-  develop  more  lift  in  the  aft  region  of  the  lower  surface  (rearloadingl. 

Fig. 7  shows  the  input  data  in  the  hodograph  plane  and  the  resulting  airfoil  shape  together  with  the  out 
put  pressure  distribution.  In  the  next  figure  (Fig.  81  this  pressure  distribution  is  compared  with  those 
calculated  by  BGKJ  code  at  the  potential  and  viscous  flow  design  conditions:  although  the  comparison 
indicates  a  loss  of  rear  loading  for  the  viscid  calculation  and  the  appearance  of  a  weak  shock  in  the  in 
viscid  analysis,  there  is  confidence  that  a  shock-free  flow  near  the  design  condition  will  be  supported 
by  wind  tunnel  tests. 

The  comparison  with  the  airfoil  Al  (Fig. 9)  shows  that  the  new  section  has  a  larger  radius  of  curva 
ture  at  the  nose  and  is  more  cambered  near  the  trailing  edge;  the  thickness  distribution  aft  of  the  lo¬ 
cation  of  the  maximum  thickness  is  quite  the  same,  allowing  the  same  arrangement  of  the  basic  airfoil 
forthe  trailing  edge  high  lift  devices. 

Figures  10  and  11  compare  the  way  in  which  the  calculated  viscous  pressure  distributions  develop  over 
airfoils  Al  and  A2  when  Increasing  lift  at  the  design  Mach  number  (Fig.'lO)  or  increasing  Mach  near 
the  design  lift  coefficient  (Fig.  11):  the  shock  on  the  airfoil  A2  develops  later  and' grows  weaker  than  that 
exhibited  by  Al. 

This  results  in  a  delay  of  both  drag  rise  and  buffet:  in  Fig.  12  theoretically  calculated  drag  polars  pre¬ 
dict  a  more  favourable  trend  for  drag  characteristics  of  airfoil  A2  above  the  design  condition,  in  spite 
of  the  larger  friction  drag  associated  to  the  realoading  of  this  section.' 

Finally,  theoretical  calculations  predict  that  a  substantial  improvement  in  buffet  boundaries  would 
be  achieved,  Figure  13.  Buffet  onset  limits  were  calculated  by  Thomas  Criterion  [l5]  ,  El(>]  which  takes 
Reynolds  effects  into  account;  evaluation  of  moderate  buffet  were  obtained  using  an  empirical  correla¬ 
tion  between  the  strength  and  the  chordwise  position  of  the  shock  which  induces  a  significant  rear  sepa¬ 
ration  (see  [l7]  ). 

A  good  comparison  between  theoretical  and  experimental  data  for  drag  rise  and  buffet  limits  of  air¬ 
foil  Al  has  been  found  and  it  is  reported  in  figures  12  and  13.  Experimental  data  are  not  vet  available 
for  airfoil  A2  although  model  manufacturing  has  been  already  performed:  wind  tunnel  testing  are  sche  - 
duled  for  the  end  of  this  year  (1979)  at  DFVTR- Braunschweig  (FRG).' 

*  1 

5.  2  Design  of  wing  D 

In  order  to  extend  over  the  whole  wing  the  design  pressure  distribution  of  the  airfoil  A2  bv  use  of  the 
Inverse  Panel  Method  the  following  procedure  was  carried  on: 

-  a  basic  streamwtse  section  was  defined  bv  applying  locally  the  sweep  relationships  to  the  coordinates 
of  the  airfoil  A2  and  it  was  put  at  seven  control  stations  across  the  span; 

-  at  each  control  station  a  uniform  target  pressure  distribution  was  required. 

Since  Inverse  Panel  Method  deals  with  elliptical  equations  and  therefore  supercritical  flows  cannot  be 
exactly  calculated,  it  was  impossible  to  derive  the  target  pressure  distribution  in  a  straight  forward 
manner  from  the  2-D  one:  to  overcome  this,  an  expedience  similar  to  that  of  ref.'  [2]  was  employed  , 
that  is  a  certain  "equivalent"  pressure  distribution  has  to  be  fixed,' 
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As  It  is  well-known  (see  for  example  [l8]  )  at  subsonic  speeds  the  pressure  distribution  near  mid 
semispan  of  a  swept -back  wing  of  moderate  aspect  ratio  and  sweep  with  constant  airfoil  section  is  very 
similar  to  that  on  the  Infinite  sheared  wing,  with  iso  bars  parallel  to  the  local  geometric  sweep  line.  The 
refore  the  required  "equivalent"  pressure  distribution  was  found  by  a  direct  Panel  Method  computation 
on  a  triangular  wing  derived  from  the  basic  one  by  tip  extension  (in  order  to  increase  the  aspect  ratio") 
with  the  streamwise  section  constant  across  the  span.'  These  concepts  are  elucidated  in  Fig.  14  where 
pressure  distributions  computed  by  BGKJ  code  on  airfoil  A2  are  compared  with  the  3-D  ones  scaled  by 
sweep  law 

For  both  the  subcritical  flow  computed  by  Panel  Method  (Fig.  14  a  )  and  transonic  flow  computed  by 
Finite  Element  Method  (Fig.  14  b)  a  good  agreement  with  the  2-D  values  may  be  seen;  the  discrepancies 
shown  in  case  c)  are  due  to  the  elliptic  feature  of  the  Panel  Method  and  therefore  this  pressure  distri¬ 
bution  was  selected  as  the  target  one  for  inverse  computations.'  Furthermore  as  the  same  mathematical 
model  is  used  to  define  the  target  pressure  distribution  and  to  control  it  during  the  iterative  process  , 
this  procedure  enables  to  minimize  the  errors  due  to  the  discretization  of  singularity  distributions. 

After  three  iterations  the  geometry  shown  in  Fig.  15  was  produced  by  the  inverse  code.'  In  order  to 
counteract  the  well-known  centre  and  tip  effects  on  pressure  distributions  of  swept  wings  the  distribu¬ 
tion  across  the  span  of  both  twist  and  camber  'ware  determined  by  the  inverse  code.'  The  root  section 
is  nearly  symmetric  whilst  the  tip  section  is  highly  aft-cambered  (x);  twist  varies  from  2.'2°  at  the  root 
to  -2.  35°  at  the  tip. 

A  theoretical  verification  of  the  supercritical  wing  B  was  performed  by  the  analysis  codes  for  the 
conditions  arranged  in  Fig.  16.  In  order  to  get  theoretical  comparison,  calculations  were  carried  out 
also  for  the  reference  wing  A  which  is  of  constant  section  across  the  span,  derived  from  the  2-D  sec¬ 
tion  A1  applied  normal  to  the  wing  quarter-chord  line.  Figure  17  show  s  the  pressure  distributions  at 
stations  ETA=.  22,  .49  and  .  86  of  wing  B  computed  by  Finite  Element  Method  at  the  design  condition  : 
clearly,  these  pressure  distributions  are  consistent  with  the  2-D  computations  on  the  airfoil  A2  and 
the  expected  uniform  flow  conditions  are  achieved  across  a  fair  part  of  the  span.  The  supercritical  re 
compressions  from  peak  suctions  near  the  leading  edge  and  the  amount  of  rear  loading  give  a  large 
contribution  to  the  total  lift  of  the  wing.  For  the  more  conventional  wing  A  calculations  predict  that  the 
same  lift  is  associated  with  a  relatively  large  shock  at  mid  chord  (Fig.  18). 

The  development  of  the  supercritical  flow  over  wing  B  near  the  design  condition  is  very  smooth  (Fig. 
19):  when  increasing  the  lift  from  Cj=  .43  to  Cj=  .  60  at  M^  .  80  the  leading  edge  pressure  peak  rises 
quickly  delaying  the  appearance  of  the  shock  up  to  the  highest  incidence'.  Theoretical  predictions  for 
shock  and  pressure  peak  positions  and  for  the  extension  of  the  supersonic  and  separated  (°)  flow  are 
presented  in  figure  20:  there  is  evidence  that  substantial  gains  in  separation  margins  have  been  achie¬ 
ved  by  wing  B.'  The  low  speed  characteristics  of  this  wing  seems  to  be  comparable  with  these  of  the  re 
ference  wing,  as  results  from  Panel  Method  computations  at  .*40  and  lift  C.  «  .'22,  .'52  and  .82  ; 
both  the  local  lift  distributions  across  the  span  (Ftg.*2l)  and  the  pressure  peak  distributions  (Fig.  22) 
show  that  the  flow  is  more  uniform  over  wing  B,  in  spite  of  the  relatively  sensitive  feature  of  the  super 
critical  sections  to  3-D  effects. 


6.  CONCLUSIONS 

This  paper  describes  the  design  of  a  supercritical  airfoil  and  the  application  of  this  section  to  a 
swept  wing.  A  numerical  procedure  by  inverse  potential  flow  programs  has  been  employed  to  design  a 
supercritical  airfoil  and  the  correspondent  swept  wing.  The  theoretical  verification  of  airfoil  and  wing 
are  presented.'  Both  2-D  and  3-D  comparisons  with  a  reference  airfoil  and  the  correspondent  wing  shows 
how  computational  approach  to  wing  design  can  aid  the  designers  to  improve  aircraft  performance  by  in¬ 
corporation  of  advanced  aerodynamic  technology. 

Inverse  technique  enables  to  perform  good  initial  wing  design  studies  which  can  be  evaluated  by  ana 
lysis  computers  programs  so  that  extensive  a  nd  expensive  wind  tunnel  tests  may  be  delayed  to  the  optimi¬ 
zation  phase  allowing  appreciable  savings  of  both  time  and  costs. 


(x)  Since  in  designing  the  wing  B  the  thickness  distribution  was  held  constant  across  the  span, the  sec¬ 
tions  on  the  outer  part  of  the  wing  result  highly  aft  cambered:  therefore  the  rear  loading  of  the  lo¬ 
wer  surface  increases  towards  the  tip  and  this  could  result  in  premature  separation  of  the  flow  in 
that  region  and/or  in  too  large  negative  pitching  moment.  To  overcome  these  pitfalls  it  could  be  suf 
ficient  to  reshape  the  lower  surface  of  the  wing  but  this  is  beyond  the  scope  of  the  present  exercise. 

(*)  Calculated  by  application  of  the  2-D  Walz  Method  to  the  3-D  inviscid  pressure  distributions. 
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Future  advances  in  theoretical  methods  and  availability  of  more  powerful  computers  are  expected 
to  improve  current  state  of  the  art  in  wing  design  by  numerical  methods. 
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Fig.  1  -  Flow  Diagram  off  Wing  Design  by  Inverse  Technique 


^20  5  ^30*  C05'^25 

CP*D=  CPjO/CO,2A 

(z/cIjd^x/cIjd'cosA 

CL20  =  C|.jo 

20  =  flt  30 1  eo* 


Fig. 2  "  Sweep  Relationships 
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THE  ROLE  OF  COMPUTATIONAL  AERODYNAMICS  IN  AIRPLANE  CONFIGURATION  DEVELOPMENT 


by 


Bertil  Dillner  and  Chester  A.  Koper,  Jr. 
Boeing  Commercial  Airplane  Company 
P.O.  Box  3707 
Seattle,  Washington  98124 
U.S.A. 


SUMMARY 

The  role  of  computational  aerodynamics  in  the  design  of  aircraft  configurations  in  steady  flow  conditions  is  explored  through 
several  examples.  These  include  subsonic  high-lift  and  wing  strake  designs,  and  transonic  and  supersonic  cruise  wing  designs.  Use  of 
these  computer  methods  can  substantially  increase  airplane  performance  capabilities,  while  reducing  risk,  flow  time,  and  testing 
requirements.  An  assessment  is  made  concerning  the  factors  that  have  contributed  to  advancing  computational  aerodynamics. 
Deficiencies  of  existing  programs  are  also  noted. 

A  shortcoming  of  several  advanced  computer  methods  is  that  their  application  by  design  engineers  is  hampered  by  the  long 
lead  time  required  to  learn  to  use  these  methods  effectively,  and  by  the  inefficient  user  interfaces  these  methods  generally  possess. 
As  a  result,  most  of  the  advanced  methods  now  available  are  only  used  by  the  few  engineers  who  specialize  in  these  methods.  For 
computational  aerodynamics  to  assume  the  larger  role  in  aircraft  design  that  the  proponents  of  advanced  computer  hardware  and 
software  envision,  much  more  attention  will  have  to  be  given  toward  improving  the  engineering  interface  with  these  methods.  A 
criterion  that  can  identify  a  method  as  a  design  tool  is  for  the  total  flow  time  required  to  conduct  an  analysis/design  cycle  to  be 
less  than  one  day. 

NOMENCLATURE 


b 

=  wing  span 

CP 

=  pressure  coefficient 

X 

= 

longitudinal  coordinate 

c 

=  wing  chord 

D 

=  drag 

y 

= 

lateral  coordinate 

c' 

=  wing  chord  including  leading 
edge  device 

Df 

=  skin  friction  drag 

a 

= 

angle  of  attack 

DP 

=  profile  drag 

0SW 

= 

cross  flow  angle 

cbase 

=  reference  chord  of  baseline 

wing 

Dw 

=  wave  drag 

A 

s 

wing  sweep  angle 

cd 

=  section  drag  coefficient 

^sss 

=  boundary  layer  shape  factor 
using  streamwise  velocities 

8 

= 

fin  twist  angle 

CD 

=  drag  coefficient 

L 

=  lift 

8* 

displacement  thickness 

cfl 

=  skin  friction  coefficient  in 

'd 

drag  direction 

M 

=  Mach  number 

A 

= 

increment 

Co 

=  section  lift  coefficient 

=  Reynolds  number 

n 

s 

y/(b/2) 

X 

Re 

<=L 

=  lift  coefficient 

s 

=  intrinsic  coordinate  along 

(  >o 

= 

baseline  value 

Cm0 

=  pitching  moment  coefficient 

a  streamline 

<  >TE 

= 

trailing  edge  value 

PREFACE 

A  tremendous  development  in  computational  aerodynamic  methods  has  occurred  in  the  last  few  years  regarding  the  detail 
shaping  of  aircraft  configurations.  These  advances  are  attributed  to  several  factors:  improved  computer  mainframes  (faster,  larger) 
and  more  offline  data  processing  capability  (minicomputers);  more  sophisticated  codes;  better  engineer-computer  interfaces 
(conversational  terminals,  remote  job  entry  sites);  and  improved  program  usability  (i.e.,  improved  user  interface).  Over  the  years, 
hardware  and  software  technologies  have  received  considerable  attention,  e.g.,  see  References  1  through  4.  On  the  other  hand,  the 
design  of  computer  programs  so  that  engineers  can  use  them  easily  has  not  received  much  consideration  by  their  developers.  This  is 
unfortunate,  since  none  of  the  four  areas  mentioned  above  is  less  important  than  the  other.  It  has  therefore  required  substantial 
time  and  effort  by  the  users  to  develop  these  codes  into  usable  tools.  For  computational  aerodynamics  to  play  a  more  extensive 
role  in  configuration  development,  it  is  necessary  for  this  engineer-software  interface  to  be  more  completely  addressed. 

Confidence  in  several  of  the  computational  aerodynamic  methods  has  been  generated  due  to  their  successful  application  in  a 
wide  range  of  design  problems.  As  a  result,  computational  aerodynamic  tools  are  now  having  a  large  impact  on  current  design  of 
aircraft  configurations.  These  methods  guide  the  engineer  in  achieving  efficient  integrated  designs,  in  gaining  insight  into  complex 
flow  fields,  in  understanding  test  data,  and  in  exploring  innovative  configuration  concepts.  Even  though  aerodynamic  design / 
analysis  techniques  have  progressed  considerably,  most  of  the  existing  methods  either  contain  areas  of  empiricism,  cannot  model 
the  complete  configuration,  or  are  unable  to  account  for  all  aspects  of  the  physics  of  the  flow.  Consequently,  present  aerodynamic 
design  still  requires  extensive  configuration  refinement  through  repeated  wind  tunnel  testing. 

The  application  of  computational  aerodynamics  has  led  to  valuable  results,  notwithstanding  some  of  the  complexities 
related  to  using  these  methods.  The  salient  features  of  several  examples  relating  to  configuration  design  will  be  presented  herein. 
Other  examples  can  be  found  in  References  5  through  1 1,  to  name  a  few. 
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1.  HIGH-UFT  SYSTEM  DESIGN 

As  transport  aircraft  design  has  matured,  increasingly  stringent  requirements  have  been  imposed  upon  the  design  of  the 
high-lift  system.  Traditional  airplane  performance  and  cost  trades  have  been  supplemented  with  requirements  to  reduce  noise 
and  wake  turbulence  during  terminal  operations.  The  performance  of  high-lift  systems  is  limited  by  viscous  flow  phenomena, 
such  as  confluent  boundary-layer  regions  and  small  areas  of  separation  at  normal  operating  conditions.  These  phenomena  are 
often  compounded  by  complex  spanwise  flows.  A  three-dimensional  viscous  flow  computation  capability  for  high-lift  wings  is 
presently  unavailable.  Consequently,  it  is  necessary  to  utilize  two-dimensional  airfoil  methods  in  designing  these  systems  (ref.  12, 
13). 

Computational  methods  have  been  developed  that  can  provide  flexible  and  efficient  two-dimensional  multielement  airfoil 
analyses  and  design  (ref.  14,  15).  In  addition,  when  combined  with  appropriate  boundary  and  initial  conditions,  the  methods 
can  calculate  the  shape,  position,  and  effects  of  separated  wakes  (ref.  14).  These  methods  differ  from  existing  techniques  in  that 
desirable  boundary  layer  properties  are  specified  and  the  pressure  distribution  required  to  produce  these  properties  is  calculated. 
The  shape  required  to  achieve  this  pressure  distribution  is  then  computed  (ref.  15). 


i 

4 

f* 


Example  1: 

One  application  of  high-lift  system  design  was  to  study  the  possible  improvements  in  take-off  L/D  of  a  given  cruise  airplane 
configuration  operating  out  of  high  altitude  airports.  Takeoff  from  these  airports  is  typically  limited  by  the  second  segment  climb 
L/D  characteristics.  The  approach  taken  was  to  investigate  the  relative  performance  gains  from  extending  the  leading  edge  slat 
chord  and  from  recontouring  the  slat.  First,  the  baseline  configuration  planform  was  analyzed  using  a  three-dimensional  potential 
flow  method  (similar  to  ref.  16)  to  obtain  sectional  and  total  aerodynamic  characteristics  of  the  wing.  Configuration  paneling 
and  section  lift  coefficients  are  shown  in  Figure  1 . 


v 


Figure  1.  Configuration  Paneling  and  Computed  Sectional  Lift  Coefficient 


Next,  two-dimensional  section  coordinates  were  extracted  from  the  wing  as  indicated  in  Figure  2.  These  sections  were  used  as 
starting  airfoils  for  design.  They  consisted  of  the  basic  wing  airfoil  geometry  in  the  region  of  interest  provided  with  a  form  of 
leading  edge  device  representative  of  the  desired  extension.  Design  continued  by  conducting  a  potential  flow  analysis  of  these 
sections.  The  pressure  distribution  in  the  design  region,  i.e.,  ahead  of  the  high-lift  devide  trailing  edge,  was  optimized  using  the 
interactive,  inverse  boundary  layer  program  referred  to  above.  Based  on  the  optimized  pressure  distribution,  the  airfoil  was 
reshaped  in  the  design  region  to  match  the  desired  pressures.  The  results  of  the  design  effort  are  also  shown  in  Figure  2.  Recon¬ 
touring  the  leading  edge  slat  proved  to  be  the  most  important  contribution  toward  improving  performance.  Extending  the  leading 
edge  device  also  provided  L/D  gains,  but  at  a  rapidly  decreasing  rate. 


Figure  2.  Results  of  Improved  Leading  Edge  Design  Effort 
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A  medium  extension  configuration  was  subsequently  selected  for  wind  tunnel  testing.  The  comparison  between  wind  tunnel 
test  results  and  computed  L/D's  at  takeoff  conditions  is  shown  in  Figure  3.  Note  that  the  analysis  did  not  include  nacelles,  whereas 
the  wind  tunnel  model  had  nacelles  installed.  At  lower  lift  coefficients,  the  test  verified  the  analysis  of  the  baseline.  However,  at 
higher  C^'s  the  analysis  predicted  some  separation  that  was  alleviated  in  the  test  due  to  favorable  nacelle  interference.  Predicted 
performance  of  the  new  slat  was  verified  by  the  test.  Specifically,  the  new  slat  resulted  in  a  takeoff  lift-drag  ratio  increase  from 
5%  (sea  level,  standard  conditions)  to  1%  (high  altitudes,  33°C).  Additionally,  maximum  lift  coefficient  at  the  various  takeoff  flap 
settings  increased  by  increments  of  0.12  to  0.16. 


2.  CONFIGURATION  DETAIL  DESIGN 

A  computational  method  has  been  developed  at  The  Boeing  Company  that  can  analyze  arbitrary  three-dimensional  con¬ 
figurations  in  potential  flow  (ref.  8).  The  configuration  surfaces  are  divided  into  panels,  and  hence,  this  approach  has  come  to  be 
known  as  a  panel  method.  Essentially,  this  is  a  general  three-dimensional  boundary  value  problem  solver  that  is  capable  of  being 
applied  to  most  problems  that  can  be  modeled  within  the  limitations  of  potential  flow.  Compressibility  effects  are  approximated 
by  the  Goth ert  rule,  but  analysis  of  transonic  flows  is  not  possible,  since  the  method  is  a  solution  of  the  linearized  flow  equation. 
Viscous  displacement  effects  can  be  represented  by  either  surface  displacement  or  flow  through  the  surface.  This  method  is  ideally 
suited  for  analyzing  complex  aircraft  configurations  in  subsonic  flow. 

This  method  and  similar  methods  (e.g.,  ref.  6)  were  introduced  in  the  late  1 960's  and  have  been  the  mainstay  of  computational 
aerodynamics,  insofar  as  complete  configurations  are  concerned.  Today,  the  newer  transonic  methods  are  used  whenever  wing 
design/analysis  is  concerned.  However,  panel  methods  are  presently  the  only  methods  for  analyzing  complex  configurations. 
Numerous  examples  have  been  cited  in  the  past  showing  panel  methods'  analyses  of  complex  aircraft  configurations  (e.g.,  see 
References  5,  6,  8,  and  1 7).  The  present  discussion  will  focus  on  a  detail  design  application  of  this  method. 

Example  2: 

A  wing  strake  fairing  was  analytically  designed  through  iterative  analysis  using  the  three-dimensional  potential  flow  computer 
program  mentioned  above.  Drag  reduction  was  achieved  by  eliminating  separated  flow  around  the  wing-root  junction.  In  this 
region,  the  fuselage  surface  flow  which  approaches  a  wing  root  attachment  (or  stagnation)  region  experiences  a  strong  adverse 
pressure  gradient,  and  the  boundary  layer  flow  eventually  separates.  The  separated  flow  merges  with  the  comer  flow  at  the  wing- 
body  junction  producing  increased  drag.  A  wing  strake  is  designed  to  prevent  the  flow  separation  by  relaxing  the  adverse  pressure 
gradient. 

The  wing-fuselage  model  utilized  in  this  design  is  depicted  in  Figure  4a.  A  dense  panel  system  was  generated  near  the  wing 
root  to  provide  good  resolution  of  the  pressure  variations  in  that  region.  Streamlines  which  approach  the  wing  root  stagnation 
point  where  first  calculated  in  absence  of  a  wing  strake.  A  wing  strake  was  then  designed  over  the  streamline  by  aligning  the 
hi-lite  of  the  strake  with  the  streamline.  A  sample  strake  and  calculated  streamlines  are  shown  in  Figure  4b.  Note  that  one 
streamline  aligns  well  with  the  hi-lite  of  the  wing  strake. 


(A)  BASELINE  CONFIGURATION 


IB)  CONFIGURATION  WITH  LARGE  STRAKE 


Figure  4.  Computational  Modal  Used  in  Strake  Study 
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Three  different  sized  wing  strakes  were  designed  and  analyzed  in  this  manner.  Relative  sizes  of  the  strakes  are  depicted  in 
Figure  5.  The  calculated  pressure  distributions  along  the  streamlines  which  approach  the  attachment  line  are  also  shown  in  this 
figure.  These  pressure  distributions  are  compared  with  the  pressure  distribution  of  the  baseline  configuration  without  a  wing 
strake.  The  pressure  coefficient  for  the  baseline  rapidly  increases  toward  the  wing  leading  edge.  On  the  other  hand,  die  pressure 
gradients  are  diminished  when  strakes  were  added.  The  results  show  that  the  largest  strake  analyzed  resulted  in  the  smallest  pressure 
gradient.  This  would  then  provide  the  least  risk  of  flow  separation. 


(A)  FLANF0RM  VIEW  OF  STRAKE  SIZES 


<B)  PRESSURE  COEFFICIENT 


Figure  5.  Several  Strake  Detigns  and  Computed  Pressure  Distributions  on  Dividing  Streamline 


The  three  designed  strakes  were  subsequently  wind-tunnel  tested  to  assess  drag  performance,  since  the  computational  method 
does  not  have  the  capability  to  predict  drag  levels  resulting  from  these  minor  configuration  differences.  During  the  test,  oil  flow 
visualization  was  conducted.  Oil  flow  patterns  at  the  wing  root  area  for  the  baseline  and  large  strake  configurations  are  shown 
in  Figure  6a.  The  flow  which  approaches  the  baseline  wing  root  does  not  penetrate  into  the  wing-body  junction  because  of  the 
presence  of  separation.  Note  that  the  large  strake  completely  eliminates  the  separated  flow  region  ahead  of  the  wing  root,  and 
attached  flow  is  achieved  at  the  wing-body  junction.  It  was  found  that  oil  flow  patterns  were  affected  very  little  by  off-design 
conditions.  Similar  flow  patterns  were  observed  for  the  medium  and  small  sized  strakes.  Drag  performance  of  the  three  straked 
configurations  relative  to  the  baseline  configuration  is  shown  in  Figure  6b.  The  data  represent  averaged  wind  tunnel  runs,  and  the 
corresponding  data  scatter  is  shown.  The  large  wing  strake  achieves  about  1%  reduction  of  total  airplane  drag  in  the  cruise  lift 
range.  Somewhat  less  drag  reduction  is  obtained  from  the  medium  sized  strake.  The  average  data  for  the  small  strake  shows  a  slight 
increase  in  drag,  but  it  is  observed  that  this  increase  is  within  the  scatter  of  the  data. 
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Figure  6.  Wind  Tunnel  Results  for  Strake  Design  Study 


3.  TRANSONIC  TRANSPORT  CRUISE  WING  DESIGN 

Engineers  designing  transport  wings  have  begun  to  take  advantage  of  recently  developed  methods  for  analyzing  three-dimen¬ 
sional  configurations  in  transonic  viscous  flow.  Various  organizations  have  developed  three-dimensional  transonic  potential  flow 
methods  that  are  able  to  analyze  either  isolated  wings  or  wing-fuselage  combinations  (see  refs.  18  through  22).  Evaluation  of 
these  methods  indicates  that  the  approach  of  solving  the  full  transonic  potential  flow  equation  (ref.  19)  that  is  coupled  with  a 
boundary  layer  method  (ref.  23)  demonstrates  the  best  agreement  between  calculated  and  experimental  results.  A  shortcoming 
of  the  program  is  that  it  is  unable  to  treat  arbitrary  fuselages. 

The  three-dimensional  viscous  transonic  wing  analysis  technique  utilizes  Jameson's  wing  analysis  program  (ref.  19)  for  cal¬ 
culating  pressure  distributions  and  surface  velocity  components  on  wings  for  freestream  Mach  numbers  up  to  unity.  The  program 
uses  finite  volume  methods  to  solve  the  exact  transonic  potential  flow  equation  on  a  three-dimensional  mesh  constructed  from 
small  volume  elements  (or  cells).  The  current  version  of  the  program  does  not  adequately  treat  body  effects,  and  thus,  it  is  used 
only  for  wing  alone  analysis.  It  is  assumed  that  any  shock  waves  contained  in  the  flow  are  weak  enough  so  that  the  entropy  and 
vorticity  generated  by  the  shock  waves  can  be  neglected.  The  potential  flow  equation  is  treated  in  conservation  form,  i.e.,  mass 
is  conserved  in  each  element. 
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The  three-dimensional  boundary  layer  program  developed  by  McLean  (ref.  23)  uses  finite  difference  methods  to  solve  the 
compressible  three-dimensional  boundary  layer  equations  for  either  laminar  or  turbulent  attached  flow.  In  the  turbulent  case, 
an  eddy  viscosity  model  is  used  for  the  turbulent  shear  stresses.  Separation  at  a  given  wing  span  station  is  indicated  by  the 
program  when  the  finite  difference  solution  is  no  longer  able  to  proceed  in  a  normal  manner  (because  it  is  not  able  to  account 
for  the  reverse  flow  present  in  separated  regions). 

These  methods  are  coupled  through  an  interface  program  that  constructs  the  boundary  layer  grid  used  for  the  analysis  and 
interpolates  the  velocity  components  from  the  potential  flow  program  onto  the  boundary  layer  grid.  A  second  interface  program 
obtains  the  three-dimensional  boundary  layer  displacement  thickness  from  the  boundary  layer  solution.  This  is  then  added  to  the 
bare  wing  surface  for  another  potential  flow  run.  It  is  therefore  possible  to  automatically  cycle  several  times  between  viscous 
and  inviscid  programs.  The  number  of  cycles  required  to  achieve  convergence  varies  depending  upon  Mach  number  and  lift 
coefficient.  This  method  and  a  comparison  of  computed  and  experimental  results  are  discussed  in  Reference  5. 


Example  3: 

The  method  described  above  was  used  to  evaluate  the  possible  drag  penalty  (due  to  increased  wetted  area)  for  extending  a 
wing's  trailing  edge  behind  the  rear  spar.  A  possible  reason  for  such  a  design  effort  would  be  to  provide  increased  space  for  the 
stowed  landing  gear.  The  change  in  planform  and  the  principal  change  in  airfoil  section  are  shown  in  Figure  7.  Wing  A  in  this 
figure  is  the  original  geometry,  while  Wing  B  is  the  stretched  configuration.  The  airfoil  was  extended  behind  the  rear  spar  fairing 
smoothly  into  the  base  airfoil.  This  led  to  a  slight  decambering  of  the  wing. 


Figure  7.  Wing  Plan  forms  and  Sections  Analyzed  in  Trailing  Edge  Extension  Design  Study 


Typical  results  that  are  obtained  from  the  coupled  transonic  potential  flow  and  boundary  layer  programs  ate  depicted  in 
Figure  8.  In  addition  to  pressure  coefficients,  results  include  details  about  the  boundary  layer  that  are  valuable  in  understanding 
the  behaviour  of  a  wing  As  an  example,  the  local  chordwise  variations  of  the  drag  component  of  skin  friction  for  the  two  wings 
at  an  inboard  span  station  are  shown  in  Figure  9.  Relative  to  Wing  A,  the  stretching  of  the  airfoil  reduced  the  gradients  in  the 
pressure  recovery  region.  Note  that  the  reduced  pressure  gradient  near  the  trailing  edge  led  to  an  increase  in  skin  friction.  The 
spanwise  distribution  of  profile  drag,  which  was  calculated  using  the  Squire  and  Young  formula  (ref.  24),  is  shown  in  Figure  10a. 
Included  in  this  figure  is  the  integrated  drag  component  of  skin  friction.  The  results  show  that  the  integrated  skin  friction  is  higher 
for  the  larger  wing  as  expected.  The  form  drag  is  less  for  the  stretched  wing,  which  arises  from  the  less  steep  pressure  recovery. 
When  the  wave  drag  is  included,  the  total  drag  (at  the  same  total  lift)  for  the  two  wings  was  very  close,  as  portrayed  in  Figure  10b. 
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Figure  8.  Computed  Results  From  Viscous  Transonic  Analysis  Method 
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Figure  10.  Comparison  of  Drag  Components 


4.  SUPERSONIC  CRUISE  WING  DESIGN 

The  design  of  wings  for  supersonic  flight  is  complicated  by  real  flow  phenomena  that  presently  cannot  be  accurately  modeled, 
but  have  substantial  effects  on  the  performance  of  these  configurations  (ref.  25).  Specifically,  the  linear  inviscid  methods  cannot 
predict  separation  (either  leading-edge,  trailing-edge,  or  shock-induced  types),  they  can  provide  unrealistically  high  negative 
pressures,  and  in  design  mode  they  may  yield  optimized  solutions  that  have  unfavorable,  strong  span  wise  flow.  A  supersonic 
design  and  analysis  method  has  been  developed  that  is  able  to  overcome  these  limitations  to  tome  extent  by  constraining  the 
inviscid  pressures  to  reflect  favorable  and  realistic  supersonic  designs  (ref.  26,  27).  The  method  includes  comprehensive  wing  design 
and  optimization  procedures  that  allow  physical  realism  and  practical  considerations  to  be  imposed  as  constraints  on  the  optimum 
(least  drag)  solution.  In  addition  to  the  usual  constraints  on  lift  and  pitching  moment,  constraints  can  also  be  imposed  on  wing 
surface  pressure  level  and  gradients,  and  on  camber  surface  shape.  The  program  provides  the  capability  of  including  directly  in 
the  optimization  process,  the  effects  of  other  aircraft  components  such  as  a  fuselage,  canards,  and  nacelles.  The  program  also 
includes  nonlinear  methods  that  provide  realistic  determination  of  shock  wsves  produced  by  general  bodies,  and  also  the  inter¬ 
section  of  the  shock  waves  and  pressure  fields  with  adjacent  bodies  and  wings.  Application  of  this  method  is  limited  to  supersonic 
Mach  numbers,  planar  configurations,  and  bodies  that  can  be  represented  by  equivalent  bodies  of  revolution.  Typical  loadings 
used  for  optimizing  the  wing  shape  as  well  as  constraints  that  can  be  applied  during  a  design  are  pictorially  shown  in  Figure  1 1  (ref. 
28).  Examples  of  separation  criteria  are  shown  in  Figure  12. 
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Figure  1 1.  Program  Capabilities  for  Optimisation  of  Supersonic  Configurations 
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Figure  12.  Example  of  Separation  Criteria  Application 


Example  4: 

Typical  supersonic  design  begins  with  an  aircraft  layout  that  includes  wing  planform,  spanwise  and  chordwise  thicknesses, 
and  critical  fuselage  cross-sectional  areas.  For  example,  the  paneling  layout  for  an  SST  configuration  is  shown  in  Figure  13.  These 
data  are  then  used  in  the  supersonic  area  rule  portion  of  the  program  to  design  an  optimum  (minimum  zero  lift  wave  drag)  wing- 
body  at  the  cruise  Mach  number  that  meets  the  specified  geometric  input  constraints.  The  resulting  fuselage  area  distribution, 
shown  in  Figure  13  (ref.  29),  is  then  used  to  develop  the  body  cross-sections  in  conjunction  with  an  approximate  inboard  wing 
camberline.  This  is  done  to  develop  the  body  shape  used  in  the  wing  design  process. 


The  wing  design  portion  of  the  program  is  then  used  to  optimize  the  lifting  pressure  distribution  acting  on  the  wing  subject 
to  imposed  constraint  conditions.  The  constraints  include  fuselage  side-of-body  ordinates,  upper  surface  shock  criteria,  upper 
surface  minimum  pressure  coefficient,  and  upper  surface  pressure  gradient.  These  constraints  are  depicted  in  Figure  14.  The 
design  solution  can  be  readily  checked  by  examining  the  resulting  wing  isobar  pattern  to  obtain  a  global  view  of  the  effects  of 
the  applied  constraints.  Such  an  isobar  pattern  is  also  shown  in  Figure  14. 


Figure  14.  Applied  Comtreintt  end  Resulting  Theoretical  Upper  Surface  Isobar  Pattern  atM  »  2.4,  CL  -  0. 12 


,  •  modal  was  constructed  and  wind  tunnel  tested.  A  drag  polar  comparison  of  experimental  and 
m  Figure  1$.  The  drag  at  cruise  conditions  is  reasonably  well  predicted.  Moreover,  at  the  design 
i  of  flow  separation  as  shown  by  the  oil  flow  picture  in  Figure  IS. 


Figure  IS.  Tett  -  Theory  Competitor!  of  Supersonic  Configuration 


Example  S: 

A  second  example  involving  supersonic  design,  but  for  a  nonplanar  configuration,  involved  the  Lightweight  Experimental 
Supercruise  aircraft  (LES-216),  whose  paneling  is  shown  in  Figure  16a.  This  configuration  was  optimized  for  a  Mach  number  of 
1.8.  The  baseline  wing  was  designed  similar  to  the  previous  example.  Stability  for  this  configuration  was  achieved  by  drooping 
the  wing  tip  60°  down  and  by  adding  a  vertical  fin.  Fin  alignment  and  wing  twist  were  optimized  by  using  a  design/analysis  pro¬ 
gram  for  nonplanar  configurations  (ref.  30).  The  method  is  based  on  linearized  potential  flow  theory,  which  is  valid  at  both 
supersonic  and  subsonic  Mach  numbers.  The  numerical  solution  is  based  on  the  constant  pressure  panel  aerodynamic  influence 
coefficient  method  of  Woodward. 
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Figure  16.  Computational  Model  for  the  Lightweight  Experimental  Supercruiser  and  Representative 
Theoretical  Results 


The  configuration  was  optimized  for  two  fin  cant  angles:  90°  (or  vertical)  and  75°.  These  are  depicted  in  Figure  16b. 
Theoretical  drag  increments  for  the  resulting  optimized  configurations  are  also  shown  in  this  figure.  Minimum  drag  occurs  when 
the  fins  are  aligned  with  1.5°  to  2.5°  toe-out  for  the  75°  cant  case.  Comparison  between  theoretical  and  experimental 
data  (ref.  31)  are  shown  in  Figure  17.  At  the  design  lift  coefficient  the  drag  increment  is  in  close  agreement.  However,  the 
increments  differ  substantially  at  higher  lift  coefficients.  Upper  surface  pressures  shown  in  Figure  17  arc  in  close  agreement. 
Additional  analysis  of  this  configuration  using  a  higher  order  panel  method  presently  being  developed  can  be  found  in  Ref.  32. 
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Figure  17.  Comparison  of  Wind  Tunnel  and  Computational  Results 
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S.  STATUS  ASSESSMENT 

The  significant  advances  that  have  been  made  in  computational  aerodynamics  are  having  considerable  impact  on  the  air¬ 
plane  design  process  as  evident  from  the  foregoing  examples.  As  mentioned  in  the  Preface,  the  factors  that  have  contributed  to 
these  advances  have  been  improved  hardware  technology,  sophisticated  software  technology,  better  engineer-computer  inter 
faces,  and  improved  engineer-software  interfaces.  All  of  these  factors  affect  the  design  cycle  flow  time  required  to  obtain  a  solu¬ 
tion.  For  the  configuration  design  engineer,  this  time  is  the  most  important  variable  that  determines  whether  a  computational 
method  is  usable  in  the  design  environment. 


Hardware  Technology 

Advances  in  computers  have  unquestionably  had  a  significant  impact  on  the  use  of  computational  aerodynamics  and  the 
capability  to  model  more  of  the  entire  configuration  while  accounting  for  more  of  the  actual  physics  of  the  flow.  The  progress 
in  computer  technology  and  its  future  outlook  has  been  summarized  in  numerous  reports  and  books  (ref.  1  through  4).  A  gross 
measure  of  computing  performance,  which  is  useful  for  comparing  CPU  processing  speeds  for  different  computers,  is  the  MIPS 
rating  -  the  number  of  instructions  (in  millions)  executed  per  second.  It  is  an  average  of  the  number  of  typical  operations  required 
for  data  processing  that  can  be  canied  out  in  a  unit  of  time.  In  scientific  processing,  the  set  of  typical  operations  might  indude  a 
matrix  multiplication,  a  square  root  evaluation,  or  a  finite  difference  solution  to  a  differential  equation.  The  improvement  in 
computer  performance  since  1950  based  on  the  MIPS  rating  is  shown  in  Figure  18  for  several  computers  developed  in  the  U.S.A. 
Data  for  this  figure  were  obtained  from  Reference  2.  These  ratings  indicate  a  better  than  three  order  of  magitude  improvement 
over  a  25  year  period. 


THE  HUHMER  OF  INSTRUCTIONS  UN  MILLIONS)  SITS  PROCESSED  FER  CPU  CVCLE 

EXECUTED  PER  SECOND 


Figure  18.  Improvements  in  Computer  Performance 


Another  measure  of  hardware  performance  and  complexity  is  the  number  of  bits  processed  per  CPU  cyde  time.  The  variation 
of  this  parameter  with  year  delivered  for  several  machines  is  also  shown  in  Figure  18  (ref.  2).  These  data  show  a  similar  three 
order  of  magnitude  improvement  over  roughly  the  same  period  as  the  previous  rating. 


Machines  to  be  built  in  the  near  future  will  continue  these  trends.  The  proposed  NASA  Numerical  Aerodynamic  Simulation 
Fadlity  (NASF,  ref.  3)  offers  to  solve  Reynolds  averaged  Navier  Stokes  equations  for  practical  three-dimensional  wing-body 
configurations.  An  interesting  feature  of  the  NASF  is  that  its  derign  is  accounting  for  the  nature  of  the  software  it  is  to  handle. 
The  most  advanced  computers  are  not,  however,  the  machines  u^ed  by  aircraft  configuration  designers.  The  NASF  will  probably 
not  be  used  in  the  daily  design  process,  but  only  for  special  problems  in  the  manner  that  NASA's  high  Reynolds  number  test 
facilities  are  used.  At  The  Boeing  Company,  the  machines  used  for  configuration  design/analysis  are  currently  CDC  CYBER 
175's,  which  are  shown  in  Figure  18.  Although  other  computers  outside  the  company  are  available  (such  at  the  STAR  and  CDC 
7600),  they  are  generally  used  for  methods  research  and  development.  Unfortunately,  some  new  codes  are  written  specifically 
for  advanced  machines,  and  they  cannot  be  converted  easily  (or  in  some  cases,  not  at  all)  to  more  generally  available  machines. 


Software  Technology 

The  rapid  development  in  computational  aerodynamics  capability  that  has  occurred  in  recent  years  is  depicted  in  Figure  19. 
Most  programs  contain  elements  of  empiricism  where  certain  factor*  are  chosen  that  give  good  agreement  with  test  data.  This 
is  satisfactory  for  an aly sit/ design  of  configurations  similar  to  those  for  which  the  programs  have  been  validated.  Departure  from 
that  domain  often  leads  to  erroneous  results.  Some  examples  of  specific  areas  of  software  development  that  requires  timely 
attention  are  listed  below. 
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Figure  19.  Development  of  Computational  Aerodynamics  (From  Ref.  4 ) 


Geometry  and  Grid  Generation:  In  order  to  perform  an  analysis  or  design,  the  definition  of  the  geometry  is  usually  one  of  the 
most  time  consuming  tasks.  The  system  in  which  the  geometry  is  defined  must  be  easy  to  input,  provide  smooth  surfaces 
(preferably  continuous  curvature),  provide  adequate  control  of  the  surface  characteristics,  provide  adequate  accuracy,  and  permit 
local  changes.  No  ideal  geometry  system  exists  today,  although  new  systems  are  being  developed  (ref.  33).  For  certain  types  of 
analysis  and  design,  typical  of  transonic  finite  difference  computations,  a  spatial  grid  system  must  be  defined.  In  order  to  give 
sufficient  resolution  around  leading  edges,  the  grid  system  should  be  surface  Fitted.  Such  grid  generation  systems  exist  today  only 
for  simple  configurations.  To  conduct  transonic  analysis  for  complete  configurations,  a  practical,  automatic  grid  generation  system 
needs  to  be  developed. 


Drag:  Although  many  components  of  airplane  drag  can  be  computed  (e.g.,  skin  friction,  wave  drag,  and  induced  drag),  the 
determination  of  the  total  configuration  drag  relies  heavily  on  empirical  techniques,  since  no  capability  exists  for  accounting 
for  complex  component  interactions,  such  as  comer  flows,  vortex  formation,  and  local  separated  flows.  For  example,  no  method 
of  calculating  the  expected  difference  in  drag  was  available  for  the  simple  case  of  the  wing  strake  mentioned  in  Section  2.  This 
is  a  major  deficiency  of  present  aerodynamic  computer  programs. 


Three-Dimentional  High  Lift  Configurutioru:  Two-dimensional  multielement  high  lift  systems  can  today  be  adequately  analyzed 
and  designed  with  available  methods.  For  high  aspect  ratio  wings,  three-dimensional  high  lift  systems  can  be  handled  in  the 
attached  flow  regime  with  panel  methods.  For  cases  involving  partially  separated  flow,  three-dimensional  lifting  surface  methods 
are  supplemented  with  two-dimensional  strip  analysis.  It  is  important  that  methods  accounting  for  three-dimensional  viscous 
effects  including  separated  flow  be  developed.  For  low  aspect  ratio  wings  where  the  high  lift  condition  is  dominated  by  the 
existence  of  free  vortices,  the  new  panel  technology  (ref.  34)  promises  to  become  an  important  analysis/design  tool. 


Three-Dimentiorud  Trantonic  Flow:  Analysis  of  three-dimensional  configurations  are  limited  to  wing  alone  or  wing-fuselage 
cases.  Three-dimensional  viscous  effects  can  only  be  handled  for  wings  with  attached  flow  and  weak  shocks.  There  is  an  emerging 
technology  for  complete  configurations  (ref.  35),  but  it  is  not  available  today  to  the  engineering  community.  Shock-boundary 
layer  interactions  and  separated  flows  also  need  to  be  addressed. 


Supertonic  Analytit  of  Nontlender  Configurations  Present  technology  is  applicable  to  supersonic  cruise  vehicles  at  moderate 
angles  of  attack.  A  new  panel  technology  (ref.  32,  36)  promises  to  fill  the  void  for  complex  and  less  slender  configurations.  Future 
requirements  include  the  capability  to  handle  nonlinear  flow  phenomena  such  as  strong  shocks  and  coalescing  shock  waves. 
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Engineer-Compu  ter  In  terfecei 


Good  engineer-computer  interfaces  for  aircraft  design  is  contingent  upon  providing  sufficient  computing  capacity  and  access. 
This  problem  has  been  well  addressed  at  The  Boeing  Company.  Improved  computing  capacity  wilt  lead  to  increased  usage,  and 
recent  trends  within  The  Boeing  Company  are  depicted  in  Figure  20.  As  shown  in  this  figure,  the  usage  rate  has  increased  drama¬ 
tically  in  recent  years.  Several  things  are  worth  noting.  The  upper  diagram  shows  the  usage  and  the  lower  the  available  computing 
capacity.  During  1977  to  1978,  Boeing  made  a  major  upgrade  of  its  scientific  computing  capability,  replacing  four  CDC  6600's 
with  five  CDC  Cyber  1 75's.  Before  this  upgrade,  turn-around  was  slow  and  sophisticated  programs  could  only  be  run  on  weekends 
due  to  their  long  residency  times.  This  made  the  use  of  these  sophisticated  tools  impractical  in  the  day  to  day  design  effort.  Today, 
a  few  hours  tum-afound  time  is  achieved  for  the  more  sophisticated  programs.  This  increased  capability  is  reflected  in  the  dramatic 
increase  of  usage  by  the  design  aerodynamics  groups.  In  contrast,  the  computer  usage  for  method  development  and  maintenance 
has  increased  relatively  slowly.  The  point  to  be  made  here  is  that  for  method  development  adequate  turn-around  time  is  very 
beneficial,  but  for  actual  engineering  use  it  is  crucial.  In  addition  to  these  large  mainframes,  the  company  supports  sixteen 
PDP-1 1/70  minicomputer  facilities  to  handle  pre-  and  post-processing  graphics  and  analysis.  These  machines  are  used  directly  by 
the  engineers  in  evaluating  and  plotting  results  generated  by  programs  executing  on  the  large  computers.  It  is  also  possible  to 
transfer  data  directly  between  the  minicomputers  and  the  mainframes. 
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Figure  20.  Computer  Utilization  by  Aarodynamicists 


Computer  accessibility  is  also  achieved  by  providing  240  conversational  terminals  throughout  the  company.  In  addition,  25 
remote  job  entry  stations  provide  rapid  access  to  input  and  output.  The  computing  facilities  available  for  scientific  computing 
within  The  Boeing  Company  are  portrayed  in  Figure  21.  Note  that  these  facilities  do  not  include  machines  dedicated  to  experi¬ 
mental  facilities,  manufacturing,  business  activities,  and  outside  computing  customers. 
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Figure  21.  Improved  Interface  Between  Engineers  end  Computers  let  Boeing ) 


Engineer^oftwore  Interfaces 

The  most  serious  barrier  to  making  aerodynamic  computer  programs  useful  is  in  the  area  of  engineer-software  interface 
(ref.  37).  In  general,  the  engineering  user  has  had  to  work  with  computer  code  written  by  the  researcher,  and  apparently,  for  the 
researcher.  Some  researchers  may  disagree  with  this  statement,  but  all  one  has  to  do  is  look  at  most  of  the  computer  code  now 
available  and  review  the  program  documentation.  Most  of  the  programs  are  very  poorly  documented  internally  and  there  is  very 
little  external  documentation  to  tie  the  computer  code  to  the  theoretical  development.  All  too  often,  very  little  thought  has  been 
given  to  the  user  and  to  the  programmer  who  must  work  with,  modify,  and  adapt  the  researcher’s  code.  The  end  result  has  been 
tremendous  hidden  costs  and  greatly  compromised  effectiveness  of  the  tool.  These  adaptation  and  maintenance  costs  can  often  be 
higher  than  the  cost  of  the  development  of  the  original  code. 

From  the  engineering  user's  viewpoint,  the  development  of  program  interfaces  and  pre-  and  post-processing  capability  for 
new  computational  methods  is  just  as  important  as  the  primary  algorithms  and  machine  architecture.  As  new  methods  are  developed 
that  compute  more  details  of  the  flow  field,  the  visibility  of  output  data  becomes  a  major  problem.  The  problem  is  then  doubled 
when  design  capability  is  added  to  a  method.  It  is  very  important  that  the  user  be  able  to  see.  understand,  and  interpret  the 
results  calculated  by  new  and  more  powerful  methods.  Today,  the  engineering  manhour  costs  expended  because  of 
the  need  to  work  with  programs  having  only  primitive  user  interfaces  are  enormous.  The  research/development  community  is 
beginning  to  recognize  this  fact  and  to  improve  the  situation.  As  an  example,  Figure  22  depicts  the  automated  three-dimensional 
viscous  transonic  analysis  method  discussed  in  Section  3.  Once  a  wing  geometry  is  defined,  it  is  quite  simple  to  set  up  an  analysis 
run.  The  plots  shown  in  this  figure  and  in  Figure  8  were  machine  generated  using  an  interactive  graphics  terminal.  Ease  of  data 
input,  transfer  of  data  between  various  programs,  interactive  computing  and  interactive  graphics  are  all  important  elements  that 
can  ease  the  use  for  the  design  engineer. 
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Figure  22.  —  Automated  Analysis /Design  Procedures  to  Improve  Engineer-Software  interface 


Design  Cycle  Flow  Time 

The  dominating  factor  that  determines  whether  a  computer  system  and  computational  method  can  be  considered  an  effective 
engineering  design  tool  is  the  total  flow  time  required  for  one  cycle  (a  single  analysis/design  point).  Cycle  time  includes  total 
time  including  input  preparation  and  output  of  essential  results  but  assumes  that  the  geometry  definition  is  already  available.  An 
historical  view  of  the  development  of  computational  methods  and  their  cycle  flow  times  are  shown  in  Figure  23.  Data  for  this 
figure  were  derived  from  studies  conducted  at  Boeing.  The  symbols  indicate  when  the  method  became  generally  available. 

The  data  shown  in  Figure  23  indicate  that  cycle  flow  time  has  diminished  with  each  enchancement  of  capability  for  both  two- 
and  three-dimensional  methods.  Thus,  for  twodimensional  methods,  the  initial  subsonic  inviscid  methods  required  about  three 
days  flow  time;  when  transonic  methods  became  available,  their  flow  times  were  down  to  about  one  hour;  and  cases  can  now  be 
run  using  coupled  viscous  transonic  methods  in  about  one-half  hour.  This  reduction  in  flow  time  has  occurred  primarily  from 
incorporating  improved  user  features,  and  to  a  lesser  extent  from  quicker  algorithms,  and  increased  machine  capacity.  Note  that 
although  cycle  times  for  subsonic  inviscid  methods  has  reduced,  it  has  not  become  less  than  the  transonic  methods.  The  reason  is 
that  paneling  for  the  panel  methods  requires  substantial  user  experience  to  set  up,  whereas  it  is  automatic  for  the  transonic 
methods.  Subsonic  methods  generally  possess  greater  capabilities  for  analyzing  more  complete  configurations,  and  consequently, 
there  is  a  continued  need  for  their  existence  and  development.  For  example,  some  two-dimensional  subsonic  methods  can  handle 
multi-element  airfoils,  and  some  three-dimensional  subsonic  methods  can  handle  complex  wing-body  configurations,  including 
nacelles,  pylons,  winglets,  and  almost  any  aircraft  component  that  can  be  simulated  by  appropriate  paneling.  Subsonic  methods 
also  offer  some  cost  advantages  compared  to  transonic  methods  for  similar  subcritical  conditions.  Another  reason  that  flow  times 
for  subsonic  methods  has  remained  relatively  long  is  that  less  emphasis  is  placed  on  improving  existing  methods  compared  to 
creating  new  methods.  Cycle  times  for  transonic  methods  appear  to  be  stationary.  Apparently,  once  these  methods  become 
sufficiently  developed  for  production  usage,  little  additional  effort  is  placed  upon  improving  them  except  for  reducing  computing 
costs,  which  has  little  bearing  on  usage  flow  time. 
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Figure  23.  -  Time  Required  to  Conduct  an  Analysis  or  Design  Using  a  Computational  method 


Cycle  time  for  any  computational  method  could  consist  of  the  machine  run  time  plus  less  than  one  hour  of  set  up  time.  If  a 
method  does  not  possess  this  capability,  it  indicates  that  little  consideration  was  given  to  providing  proper  user  interface.  An 
example  of  the  importance  of  user  interfaces  is  demonstrated  by  the  recent  development  of  the  three-dimensional  viscous  transonic 
method  used  at  Boeing.  Preliminary  studies  in  1977  showing  the  feasibility  of  combining  transonic  potential  flow  and  boundary 
layer  methods  required  about  two  weeks  to  complete  a  single  analysis  cycle.  In  preparing  a  production  version  of  this  method, 
considerable  effort  was  made  to  provide  an  easily  usable  method.  As  a  resuit,  analysis  condition  set  up  time  is  now  less  than  one 
hour. 
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Experience  at  Boeing  suggests  that  presently  the  available  aerodynamic  computational  tools  can  be  characterized  in  three 
usage  categories: 

1 .  Cycle  time  more  than  one  month:  Research  code. 

2.  Cycle  time  more  than  a  week  and  less  than  a  month :  Intermediate  -  used  occasionally  to  support  critical  designs. 

3.  Cycle  time  less  than  a  week:  Engineering  tool. 

These  are  indicated  on  Figure  23.  Cycle  times  acceptable  by  today's  standards  are  longer  than  those  needed  for  computational 
methods  to  become  truly  effective  as  engineering  design  tools.  Essentially,  a  single  day  flow  time  is  required.  This  permits  rapid 
assessment  of  many  configuration  modifications,  and  the  ability  to  analyze  a  configuration  prior  to  wind  tunnel  testing.  When  the 
flow  time  is  a  month  or  longer,  evaluation  of  different  configurations  is  severely  limited.  Future  requirements  for  cycle  times  are 
also  shown  on  Figure  23. 

6.  CONCLUSIONS 

Recent  developments  in  computational  aerodynamics  have  had  a  major  impact  on  the  aircraft  configuration  design  process.  It 
provides: 

1.  Better  (higher  technology)  designs. 

2.  Less  risk. 

3.  Better  understanding  of  the  design  and  test  results. 

4.  Reduced  requirements  for  testing  or  a  better  product  for  a  given  number  of  test  cycles. 

The  major  voids  in  our  technology  for  steady  state  flows  are  from  the  airplane  designers  standpoint: 

1.  Better  geometry  systems  and  automatic  grid  generation  for  complete  configurations. 

2.  Drag  computation. 

3.  3-D  High-lift  methods  including  viscous  effects  and  separation  . 

4.  3-D  Transonic  methods  for  complete  configurations  including  the  effects  of  shock  induced  separation. 

5.  Supersonic  analysis  of  nonslender  configurations. 

The  major  stumbling  block  in  making  computational  aerodynamics  an  everday  engineering  tool  is  in  the  user  interface  area. 
What  is  need  is: 

1 .  True  interactive  computing  with  online  graphic  displays  for  input  checkout  and  result  analysis. 

2.  Automated  interfaces  between  related  programs  used  in  the  design  process. 

3.  Faster  turnaround  (design  cycle)  times. 
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SUMMARY 

During  fighter  configuration  development  an  optimization-cycle  of  techniques  is  neces¬ 
sary  to  cover  the  low  speed  range  (high  angle  of  attack) ,  transonic  speed  (maneuvering 
capability)  and  the  high  speed  supersonic  region  (maximum  SEP) .  Various  different  nume¬ 
rical  procedures  are  available  to  perform  this  trade-off  in  a  short  time,  resulting  in 
an  optimized  configuration. 

Second  stage  optimization  of  components  like  direct  design  of  wing,  tail/canard  or  ma¬ 
neuver  devices  gives  further  improvements  of  performance  and  leads  finally  to  the  defi¬ 
nition  of  wind  tunnel  models.  Experimental  data  compare  well  with  predictions  and  empha¬ 
size  the  reliability  of  applied  numerical  methods. 


1 .  INTRODUCTION 

Figure  1  shows  in  summary  the  main  objects  of  the  following  paper.  Configuration  optimi¬ 
zation,  'component  design  and  experimental  proof  are  main  steps  in  each  predevelopment 
fighter  project. 


Requirements  for  supersonic  performance  over¬ 
rule  at  first  all  other  aspects  of  the  new 
aircraft.  Maximum  SEP's  at  high  Machnumbers 
can  at  present  time  only  be  achieved  by  drag 
minimization.  Wave  drag  is  therefore  the  most 
important  drag-component  of  the  configura¬ 
tion.  Recent  publications  on  this  subject 
Li],  t2]  and  [3]  agree  very  well  with  this 


®  CONFIGURATION  OPTIMIZATION 

•  SUPERSONIC  AREA  RULE 

•  NON  AXISYMMETRIC  EXTENSION 

•  AFTER  BODY  OPTIMIZATION 


first  approach. 

Next  main  component  of  the  drag  breakdown  is 
sub-  and  supersonic  induced  drag  due  to  lift 
and  therefore  wing  and  canard/tail  design 
follows  to  give  the  desired  efficiency  L/D. 


(D  CANARD/ WING  DESIGN 


•  DESIGN  FOR  SUPERSONIC  PERFORMANCE 

•  DESIGN  FOR  TRANSONIC  MANEUVRABIUTY 

•  TRADE  OFF 

•  TRANSONIC  "SUPERCRITICAL  -OPTIMIZATION 


©  EXPERIMENTAL  VERIFICATION 


HIGH  SPEED  WIND  TUNNEL  TESTS 
COMPARISON  WITH  PREDICTED  DATA 


A  little  bit  more  in  detail  Figure  2  summa¬ 
rizes  the  main  aerodynamic  principles  which 
are  well  known  and  in  common  use  throughout 
many  aircraft  companies. 

In  the  supersonic  flow  region  the  supersonic 
area  rule  [4]  with  some  sophisticated  exten¬ 
sions  (as  later  shown)  and  the  area  transfer 
rule  [5]  is  dominating,  panel  methods  for 
sub-  and  supersonic  flow  and  vortex  lattice 
methods  for  subsonic  flow,  both  solving  the 
linearized  potential  flow  equation,  are 
applied  for  direct  design.  For  analysis  of 
complex  configurations  in  design  and  off-de- 
sign  panel  methods  are  available  for  sub-  and 

supersonic  flow  [6],  [7],  [8],  [.9] ,  [l0]  and  for  transonic  flight  it  is  necessary  to 
solve  the  complete  nonlinear  potential  flow  equation  [1l]  by  finite  element  techniques. 


Figure  1 


Predevelopment  of  new 
fighter  projects 
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Figure  2  Aerodynamic  design  and 
analysis  of  3D  fighter 
configuration 


But  as  Figure  3  demonstrates  some  additional 
procedures  are  very  important  which  are  based 
on  empirical  or  at  least  semiempirical 
data  to  cover  the  nonlinear  "off-design"  re¬ 
gion  which  extends to  high  angles  of  attack. 
Last  not  least  a  boundary  layer  concept  is 
necessary  to  complete  potential  flow  analysis 
and  for  AlC-methods  the  socalled  "surface 
transpiration  technique"  [12]  is  superior  to 
the  surface  displacement  iteration. 


Figure  3  The  use  of  different  compu¬ 
ter  codes  in  development  of 
fighter  aircraft 
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Figure  4  Development  from  "strake-trapezoidal”-  to  "canard  delta"  concept 


Starting  1977  with  an  optimized  strake-trapezoidal  wing  concept  the  "fall  out"  for  su¬ 
personic  performance  was  not  satisfactory.  Due  to  the  statement 

"A  new  aircraft  development  can  be  justified  if  the  performance  of  that  new  air¬ 
craft  exceeds  that  of  an  old  aircraft  by  at  least  15%  to  20%"  Cl  3]. 
an  extensive  configuration  loop  was  initiated  to  come  out  with  superior  supersonic  SEP's. 
Flqure  4  gives  only  a  weak  impression  of  various  trade-offs  between  geometry -weight- 
stress-control  and  cost  which  are  of  great  influence  in  resulting  performance. 


Figure  5  Configuration  loop  (1977  -  1979) 
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Figure  S  represents  the  main  "mile-stone-configurations" .  For  each  the  full  optimization 
procedure  has  to  be  performed,  or  in  other  words  in  an  average  period  of  3  to  4  months 
each  configuration  must  be  completed,  including  all  aerodynamic  numerical  data.  This  is 
the  main  reason  for  the  growing  strong  impact  of  numerical  aerodynamics  in  aircraft  de¬ 
velopment.  But  in  contrary  to  [3],  MBB  does  not  apply  "closed  computation  trade-off- 
-loop”.  We  prefer  the  use  of  component  program-systems  (e.g.  for  wave-drag,  L/D-design, 
transonic  flow)  which  allow  the  critical  interpretation  of  intermediate  results  and  give 
the  opportunity  of  direct  reaction.  Close  cooperation  between  aerodynamic, design  and 
performance  is  absolutely  necessary. 

Now:  How  did  we  come  from  "strake-trapezoidal-wing"  to  the  "canard-delta"concept? 


2.  CONFIGURATION  OPTIMIZATION 


As  previously  mentioned,  the  supersonic  area- 
rule  is  the  semiempirical  law  for  the  computa¬ 
tion  of  wave  drag  [14].  Figure  6  shows  in 
simple  form  the  well  known  procedure  on  the 
lift  side  in  vertical  direction.  Not  so  in 
common  use  is  the  variation  of  computing 
first  an  average  area  and  afterwards  only  one 
value  for  the  adequate  wave  drag.  This  helps 
the  designer  in  smoothing  the  Mach-dependent 
slopes  of  cross  areas. 

Figure  7  sketches  out  the  dialog  between  de¬ 
signer  and  aerodynamicist  in  order  to  obtain 
the  desired  "low  drag"  and  "Mach-resistant" 
cross  area  distribution. 

It  shows  also  clearly  starting  conditions 
("constraints")  which  will  accompany  the  de¬ 
velopment  in  every  stage  of  optimization. 


M«  >  1  0  I  const  ) 


Figure  6  Supersonic  "area  rule" 
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Figure  7  Computer  aided  design  of  smooth 
"optimized"  area  distributions 


Figure  8  demonstrates  the  large  differences  in  wave-drag- 
-results.  Please  note  that  all  configurations  are  optimized 
in  the  same  level  of  accuracy  for  the  same  Machnumber  and 
constant  T/W. 

Typically  the  effect  of  displaced  engines  and  the  suscepti¬ 
bility  of  arrow-type  wings  in  off-design  conditions. 

The  low  level  of  drag  in  combination  with  the  smooth  off- 
-design  behaviour  favors  the  delta  planforms. 


Figure  6  Wave  drag  of 

different  opti¬ 
mized  configura¬ 
tions 


: _ 
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To  investigate  the  influence  of  different  wingplan forms  on 
the  supersonic  drag  the  analysis  in  Figure  9  was  perforated. 

Applying  consequently  "area  rule”  there  is  no  reason  for 
the  different  slope  of  drag  in  fig.  8.  But  geometric  con¬ 
straints  and  Machnumber  effects  are  clearly  worked  out. 

Therefore:  "For  supersonic  maximum  SEP  performance  there  is 
a  choice  between  trapezoidal  wing  with  about  32 
degrees  sweep  (and  a  relativ  high  design  Mach¬ 
number)  or  the  wing  with  more  than  50  deg.  sweep 
(that  means  the  delta-concept)  independent  from 
Mach” . 


Figure  9  Wave  drag  for 
different  wing 
planforms 


Figure  10  Comparison  of  optimized 

configurations  at  M  *  1.0 


configurations  at  M  *  1.4 


The  reason  for  the  complete  different  behaviour  at  Machnumbers  >1.0  is  shown  in  Figure 
10  and  Figure  1 1 .  Geometric  optimization  for  Ma  =  1.4  can  never  result  in  an  constant 
slope  of  cross-areas  for  different  Machplanes  0  at  constant  Mach.  But  for  delta  plan- 
forms  the  Machplane  dependent  area-slopes  are  nearly  similar.  In  contrary,  for  strake/ 
trapezoidal  wing  concept,  the  different  slopes 
vary,  resulting  in  very  Machplane-sensitive  drag 
values  for  different  angles  of  Machplane  incli- 
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Figure  13  ”Nonaxisymetric  area¬ 
ruling”  concept 


Figure  12  Drag  for  different 
Machplanes 


Second  stage  optimization  was  done  by  extending 
the  supersonic  area  rule  to  "nonaxisymetrlc 
area  ruling". 

Choosing  the  delta  wing  concept  you  can  define 
an  upper  and  a  lower  region  of  your  aircraft. 
Due  to  Figure  13  a  dividing  plane  through  your 
root-camber line  of  the  wing  can  be  defined  and 
consequently  there  is  at  least  a  limited  region 
along  x-axis  where  no  influence  from  upper  to 
lower  (and  vice  versa)  area  can  be  possible. 
That  means  you  have  to  optimize  "upper”  and 
"lower”  area  distribution  separately,  the  lat¬ 
ter  including  all  effects  of  inlet  flow  and 
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the  first  one  covering  the  nozzle  exit  problem 
(max  A/B) .  This  leads  automatically  to  problems 
of  afterbody  optimization  (Figure  14) . 

Analysing  the  wavedrag  formula  in  fig.  6  (v. 
Karman)  you  see  easily  that  the  AB  slope  of 
cross  area  is  of  dominating  influence  for  the 
wave  drag.  Filling  up  irregularities  by  smoo¬ 
thing  additional  areas  (displacement  bodies, 
"BUrzel")  reduces  the  gradient  of  area  versus 
length.  Stretching  the  body  and  opening  the 
nozzle  (max  A/B)  gives  further  important  im¬ 
provements  of  drag. 


Figure  14 


Afterbody  area  opti¬ 
mization 


Aerodynamic  wing  design  leads  in  most  cases  to  va¬ 
riation  of  plan form  (extended  span,  hybrid  plan- 
form)  .  The  question  arises  how  strong  is  the  influ¬ 
ence  of  planform  refinements  due  to  L/D  efficiency 
optimization  on  wave  drag.  Figure  15  shows  two  pos¬ 
sible  improvements  for  canard-delta -configurations 
in  order  to  obtain  better  L/D  at  constant  design 
conditions. 


Figure  15  Delta  planform 
refinements 


As  Figure  16  demonstrates, the  penalty  (due  to  wing 
volume)  is  nearly  negligible,  off  design  behaviour  is 
the  same. 

After  having  found  an  optimum  planform, the  problem  is 
to  find  out  the  final  shape  of  the  wing,  that  means 
to  design  twist  and  camber  for  best  wing  efficiency 
within  given  constraints  (body  shape,  trim-  and  con¬ 
trol  concept) . 


Figure  16  Wavedrag  for 

improved  delta 
planforma 


3.  CANARD  /  WING  DESIGN 


The  final  design  of  aerodynamic  planforms  meansthe  evaluation  of  twist,  camber,  flap- 
and  slat  settings.  The  choice  of  the  desired  "design  strategy",  or  the  definition  of  ba¬ 
sic  constraints  dominates  in  actual  project  work  and  gives  strong  limitations  to  the  nu¬ 
merical  aerodynamics.  The  desired  minimum  drag  can  only  be  achieved  within  realistic 
weight,  stress  and  structure.  Figure  17  shows  design  philosophy  and  a  collection  of  com¬ 
puter  options,  which  are  available  in  our  de¬ 
sign  code.  Let  us  first  consider  the  superso¬ 
nic  design  case  for  M  ■  1.4  by  our  advanced 


panel  method,  which  is  based  on  "LAGRANGE 
operators"  and  additional  geometric  con¬ 
straints.  For  practical  purpose  this  means 
fuselage  is  frozen  and  the  design  must  be 
performed  for  zero  pitching  moment,  for  both 
areas  (wing  +  canard)  together  in  one  loop, 
(Figure  18) . 


•  DESIGN- 
PHILOSOPHY 


•  HOW  TO 
PROCEDE 
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Figure  17  Aerodynamic  design  stra¬ 
tegies 
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Figure  18  Panel-discretization  of 
canard/delta  concept 


In  contrary  to  all  "conventional"  designs 
of  existing  aircrafts  there  is  no  restric¬ 
tion  for  the  wing  shape  in  spanwTse  direc¬ 
tion.  Wings  in  advanced  technology  must 
not  be  generated  by  straight  lines.  There¬ 
fore  you  can  accept  so-called  "potato  chip" 
planforms  like  Figure  19  shows.  This  wing 
results  not  from  superpositions  of  regular 
planfora  modes  [15],  it  is  more  comparable 
with  results  published  recently  [16] . 

The  design  for  Cld  =  0*2  shows  relative 
high  camber  (  «*  2«  chord)  and  up  to  10  de¬ 
grees  twist.  Although  advantages  at  Cl 
higher  than  0.1  are  about  20%  the  unevi- 
table  penalties  in  Ig-cases  (lower  Cl)  are 
too  high  in  comparison  with  the  plane  con¬ 
figuration. 


Figure  19  Design  at  Mach  =  1.4  and  cLp  =  0.2  by  supersonic 
potential  method 


Figure  20 


Drag  polar 
for  different 


ClD 


As  Figure  20  presents,  this  drag  "design"  penalty  can 
be  drastically  reduced  by  Cld  =  0.1.  But  consequent¬ 
ly  the  advantages  are  also  going  down  to  about  10% 
for  higher  lift  coefficients. 

But  this  gain  can  be  realized  with  only  6  degrees 
twist  and  1%  maximum  camber  (Figure  21 ) . 

Therefore  the  final  decision  for  design  Cl  must  be 
made  due  to  Figure  22.  High  maneuver  Cl  in  different 
height  at  lower  drag  can  be  achieved  with  nearly  no 
penalties  in  Ig-level  flight  for  a  design  Cl  of  about 
0.1  or  less  at  trimmed  condition. 
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Figure  21  Twist  due  to 

supersonic  Cld 


Figure  22  Trade  off: 

Advantage  at  cLr>  / 
Panelty  at  Cj,  (1g) 


Unfortunately  there  is  at  least  one  additional  design  condition  which  is  of  great  influ¬ 
ence  on  wing  definition. Transonic  maneuvering  with  high  wing  efficiency  needB  (induced-) 
drag  minimization  procedures  at  high  subsonic  speeds.  Linearized  potential  flow  accor¬ 
ding  to  vortex  lattice  or  panel  methods  are  restricted  to  subcritical  flow  fields.  But 
they  may  give  the  same  tendencies  like  Figure  23  demonstrates.  Later  on  it  will  be  ex¬ 
plained  how  local  deficiencies  of  this  geometric  result  will  be  optimized  by  an  exact 
nonlinearized  potential  flow  solution. 


Figure  23  Subsonic  canard/wing  design  by  vortex  lattice 


The  most  Important  work  is  displayed 
In  Figure  24.  Supersonic/subsonic 
design  trade-off  gives  the  shape  of 
wing/canard  twist  and  ends  with  the 
well  known  statement  that  each  be¬ 
nefit  will  have  its  price.  But  it 
seems,  that  the  supersonic  design 
for  M  «  1.4  produces  less  penalties 
in  off-design  for  sub-  and  superso¬ 
nic  speeds  and  nearly  comparable  de¬ 
sign  benefits  than  the  subsonic  de¬ 
signed  configuration. 

Therefore  the  previous  mentioned 
higher  level  transonic  optimisa¬ 
tion  follows, to  give  requirements 
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Figure  24  Trade-off: 

Subsonic/supersonic  design 


for  tne  final  wing  shape.  In  order  to  obtain  nearly  shockless  recompression  in  design- 
-conditior.  the  'transonic  shockless  surface"  optimization  technique  [17]  is  applied. 


Figure  25  Transonic  shockless  surface  optimization  by  finite  element 
technique 


As  Fiqure  25  proves,  shockless  recompression  is  obtained  at  nearly  all  sections  with 
about  56%  lift  from  local  supersonic  flow  at  a  relative  high  Machnumber  (0.92). 

One  remark  to  the  2D  section  design.  If  somebody  is  missing  this  step  -  there  is  no  rea¬ 
son  for  doing  it.  Wings  with  high  sweep-hybrid  planforms  are  of  completely  3-dimensio¬ 
nal  character  and  no  "sheared  part"  analysis  is  applicable.  The  same  is  true  for  "qua- 
si-2-dimensional"  boundary  layer  concepts. 

Because  of  the  lack  of  fully  3D  boundary  layer  computer  codes  quasi  2D  (integral-)  ap¬ 
proaches  are  combined  iteratively  with  potential  flow.  In  this  case  we  prefere  the  so- 
called  "surface  transpiration"  technique,  which  gives  some  advantages  in  computer  cost 
in  combination  with  AIC  methods  [12]. 


Figure  25  Analysis  of  air-intake  by  finite  element  technique  (FPE) 
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Special  care  is  necessary  for  the  extra¬ 
polation  to  real  flight  Reynoldsnumbers. 

As  Figure  31  demonstrates,  predicted  data  agree 
well  with  experiment  in  two  different  wind  tun¬ 
nels.  But  it's  still  a  long  way  to  full  scale! 


For  constant  flap  deflections  the 
trim  procedure  is  performed  by  ca¬ 
nard  deflection.  This  canard  charac¬ 
teristic  in  presence  of  wing  Inter¬ 
ference  is  input  for  an  automatic 
high  angle  trim  program  [19J  .  Auto¬ 
matic  optimum  condition  on  the  right 
side  is  represented  by  the  dashed 
line  envelope. 
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Figure  31  Effect  of  Reynolds- 

number  on  zero  lift  drag 


As  previously  pointed  out,  the 
main  requirement  at  the  begin¬ 
ning  was  low  drag  level  in  su¬ 
personic  and  high  wing  effi¬ 
ciency  E  ■=  L/D  in  subsonic 
flow.  The  second  requirement 
is  demonstrated  in  Figure  32. 
The  optimum  lift  to  drag-ratio 
of  about  11.0  for  M  =  0.9,  ob¬ 
tained  in  wind  tunnel  tests 
proves  the  reliability  of 
applied  numerical  methods. 


Figure  32  Theoretical  design  and  experimental 
verification 


5.  CONCLUDING  REMARKS 

Rapid  advances  in  numerical  methods  during  the  last  decade  have  resulted  in  a  strong  in¬ 
fluence  of  theory  on  project  work. 

Starting  in  1968  with  the  panel  solution  for  linearized  potential  flow,  the  transonic 
FPE  solution  is  at  present  time  the  highest  level  routine  for  project  work  within  limits 
of  realistic  computer  time  [20] .  Nevertheless  semiempiric  "Handbook"  based  codes  are 
necessary  to  cover  the  nonlinear  angle  of  attack  range  and  to  support  theoretical  con¬ 
cepts  for  control. 

As  shown  in  the  present  paper,  the  Intensive  use  of  theoretical  methods  has  led  to  the 
definition  of  only  one  single  model  configuration  for  wind  tunnel  tests  and  so  to  con¬ 
siderable  savings  in  cost  and  time  for  predevelopment.  Configuration  optimization  was 
performed  without  experimental  tests. 
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USE  OF  COMPUTERS  IN  THE  AERODYNAMIC  DESIGN  OF  THE  HiMAT  FIGHTER 

by 


D.  Child*,  G.  Panageas*,  and  P.  Gingrich* 
Rockwell  International  Corporation 
North  American  Aircraft  Division 


SUMMARY 


The  highly  maneuverable  aircraft  technology  remotely  piloted  research  vehicle  (HiMAT/RPRV)  config¬ 
uration  was  designed  to  achieve  a  high  degree  of  transonic  maneuverability.  The  performance  goals 
proposed  by  NASA  for  the  advanced- fighter  concept  were  a  sustained  8  g-tum  at  mach  «  0.9,  altitude  of 
9,144  meters,  and  a  mission  radius  of  300  nautical  miles.  Additionally,  supersonic  acceleration  capabil¬ 
ity  would  not  be  conpromised.  Preliminary  trade  studies  established  a  7,740  kilogram  fighter  baseline 
along  with  a  44  percent  scale  RPRV  that  would  allow  a  low-risk  demonstration  of  the  advanced  technologies. 
Tests  of  the  baseline  configuration  indicated  deficiencies  in  the  technology  integration  and  design 
techniques.  After  substantial  reconfiguring  of  the  vehicle,  with  improvements  in  the  analytical  methods, 
the  subcritical  and  sipersonic  requirements  were  satisfied.  A  high  level  of  efficiency  for  subsonic 
conditions  was  realized  with  the  linear  theory-optimization  techniques  and  variable  camber  system.  Drag- 
due-to-lift  levels  only  S  percent  higher  than  1/irAR  were  obtained  for  the  wind  tunnel  model  at  a  lift 
coefficient  of  1.0  for  mach  numbers  of  153  to  0.8.  The  transonic  drag  rise  was  progressively  lowered  with 
the  application  of  nonlinear  potential -flow  analyses. 
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SYMBOLS 

AR 

Aspect  ratio 

L/D 

C 

Canard  or  chord 

M 

sf... 

CG 

Center  of  gravity 

Nz 

• 

c 

CD 

Mean  aerodynamic  chord 

Drag  coefficient 

ps 

R 

c* 

5  * 

CD 

Drag  due  to  lift  coefficient 

ec 

• 

L 

CL 

Lift  coefficient 

s 

T/W 

i 

Cjj 

Si 

Section  lift  coefficient 

Moment  coefficient 

t 

w 

X,  Y, 

C 

Pressure  coefficient 
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•m  > 

P 

c  * 

p 

Critical  pressure  coefficient 

8* 

V 
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Span- load  efficiency  factor 
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l  ) 

h 

Altitude 
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•  $ 
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SUBSCRIPTS 

avg 

Average 

w 

* 

cp 

Center  of  pressure 

a 

i 

max 

Maximum 

1 

i 

1 

u 

Upper 

OO 

Lift-to-drag  ratio 
Mach  number 
Normal  load  factor 


Specific  excess  power 
Chord  Reynolds  number 


Wing  area 

Thrust-to-weight  ratio 
Thickness 
Weight  or  wing 
Cartesian  coordinates 
Angle  of  attack 
Displacement  thickness 
Wing  semispan  fraction 
Canard  semispan  fraction 


Sweep 


Wave 

Differentiation  with  respect  to 

Perpendicular 

Free -stream  conditions 


INTRODUCTION 


Examination  of  the  technologies  required  for  the  next  generation  of  fighter  aircraft  has  been  pursued 
in  recent  years  with  the  objective  of  increasing  maneuvering  performance.  Additionally,  it  wAs  envisioned 
that  an  advanced  fighter  designed  for  superior  transonic  maneuverability  would  not  compromise  mission 
radius  requirements  or  supersonic  acceleration  capability.  With  these  objectives  proposed,  NASA  initiated 
a  coup  rehens ive  program  to  evaluate  high-maneuverability  technologies,  define  advanced  concepts,  and 
ultimately  design  and  build  a  demonstration  vehicle. 


The  HiMAT/RPRV  development  encompassed  detailed  refinements  to  the  baseline,  necessary  to  meet  the 
transonic  maneuver  goal  as  well  as  provide  acceptable  low-speed,  transonic  cruise,  and  supersonic  accel¬ 
eration  capabilities.  This  continued  with  the  definition  of  the  detailed  RPRV  structure,  leading  to  the 
construction  of  the,  test  vehicle.  An  objective  of  the  design  process  was  to  use  the  available  theoretical 
design  and  analysis'  methods  to  their  fullest  extent  in  order  to  provide  guidelines  for  future  configura¬ 
tion  developments  and  to  minimize  the  wind  tunnel  test  period. 


*  Supervisor,  Aerodynamics 

*  Member  of  Technical  Staff,  Aerodynamics 
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The  primary  design  objective  is  to  enhance  the  maneuverability  Of  the  advanced-fighter  concept  to 
the  point  where  a  sustained  8  g-tum  at  M  •  0.9  and  h  -  9,144  meters  may  be  achieved  while  maintaining 
a  300-nautical-mile  mission  radius  capability.  The  relation  of  this  steady-state  maneuver  goal  to  state 
of-the-art  fighter  performance  is  illustrated  in  Fig.  1.  To  realistically  achieve  this  goal  requires 
high  efficiency  at  high  lift  coefficients  in  order  to  decrease  the  slope  of  the  P„  versus  load-factor 
relationship.  The  alternative  brute-force  approach  of  increasing  thrus t - to -we i ghf  ratio  or  decreasing 
wing  loading  becomes  untenable  for  this  performance  goal  and  is  inconpatible  with  the  other  design 
objectives,  including,  in  particular,  the  range  requirement. 


NORMAL  LOAD  FACTOR  -  G 

Figure  1.  HiMAT  Maneuvering  Performance  Objective 


To  achieve  a  practical  design,  all  requirements  must  be  properly  balanced  so  that  off-design  perfor¬ 
mance  is  not  sever- ly  degraded.  In  addition  to  the  need  for  efficient  subsonic  cruise,  there  is  also  a* 
supersonic  dash  requirement.  The  critical  design  considerations  are:  j 

1.  Maneuver  goal,  8  g,  PS  =  0  at  M  =  0.9,  h  =  9,144  meters 

2.  Efficient  subsonic  cruise,  300-nautical  mile  range 

3.  Efficient  supersonic  cruise,  wave  drag  Cp^  «  0.02  to  0.02S 

4.  Low-speed  ”  1.6  to  2.0  >v 

5.  Stability  andcontrol  with  reduced  static  stability  (adequate  control  must  be  provided,  particu¬ 
larly  near  the  flight  envelope  boundaries) 

6.  Maximum  mach  number  M  -  1.6 

7.  Maximum  load  factor  Nz  *  12 

8.  1974  propulsion  technology  level 

Balancing  the  first  three  considerations  involved  a  compromise  in  wing  loading  between  the  maneuver 
requirement  (low  wing  loading)  and  supersonic  cruise  requirement  (high  wing  loading).  The  configuration 
sizing  studies  prescribed  a  wing  loading  of  the  order  W/S  =  245  to  270  kilograms  per  square  meter. 

For  the  maneuver  condition,  the  requi remen t  for  high  efficiency  (increased  L/D)  at  high  lift  coeffi¬ 
cients  (Cl  about  1.1)  provides  a  selection  criteria  for  assessing  the  various  high-maneuverability 
technologies . 


AERODYNAMIC  DESIOi  APPROACH 

Optimization  of  the  external  contours  is  acconplished  by  a  sequence  of  analytical  design,  test  and 
redesign  phases.  The  basic  aerodynamic  method  is  linear  theory  because  of  the  extensive  development  which 
has  occurred  over  the  past  few  years.  Linearized  paneling  methods  are  capable  of  analyzing  or  designing 
completely  arbitrary  nonplanar  multiple -surface  configurations.  The  use  of  present-day  computers ,  with 
their  interactive  and  graphics  capability,  allows  numerous  configuration  modifications  and  optimizations 
to  be  evaluated  in  a  short  timespan  at  minimal  cost.  However,  these  methods  have  their  limitations  and 
must  be  sipplemented  with  nonlinear  theory  and  experimental  data. 
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The  HiMAT  mission,  which  is  a  combination  of  subsonic  cruise,  a  high  degree  of  transonic  maneuver¬ 
ability,  and  supersonic  acceleration,  requires  the  use  of  all  these  tools.  The  steps  in  the  design 
process  are :  > 

1.  Design  efficient  subcritical  and  supersonic  configuration  with  linear  theory 

2.  Modify  the  contours  with  the  nonlinear  analyses  to  meet  the  transonic  requirements 

3.  Investigate  the  subsonic/supersonic  consequences  of  the  modifications 

4.  Test  to  determine  the  limitations  and  possible  modifications  of  the  theory  to  more  closely 
achieve  the  goals 

The  analytical  methods  and  optimization  procedures  are  the  technologies  which  transform  the  concept 
into  the  final  configuration  definition.  The  major  aerodynamic  analysis  methods  are  sunmarized  in  Table  I 
with  their  principal  capabilities,  limitations,  and  function  in  the  design  process.  The  use  of  these 
analytical  tools  is  the  design  technology  which  ultimately  satisfies  the  mission  requirements.  A  brief 
description  of  the  design  technology  is  presented  for  subsonic,  transonic,  and  supersonic  operation. 


TABLE  I.  -  ANALYTICAL  METHODOLOGY 


Method 

Capability  and  function 

Limitations 

Inviscid/linear  theory 

Woodward  distributed  panel 
lifting  surface  theory 

Multiple  surface,  nonplanar  design 
and  analysis  with  body  for  sub¬ 
sonic  or  supersonic  flow 

Chord  plane  singularities 

Slender  body  theory 

Arbitrary  cross  section  slender 
body  analysis  -  Fuselage  shaping  to 
modify  pressure  distribution 

Slender  body  approximation 

Total  pressure  drag 
(supersonic  area  rule) 

Lift,  volume,  and  interference  far 
field  pressure  drag  -  volume 
optimization  for  minimum  wave  drag 

Slender  body  theory 
approximation 

Inverse  thickness 

Derive  thickness  for  specified 
velocity  distribution 

Chord  line  singularities, 
two-dimens ional 

Inviscid/ncnl inear  theory 
Bailey-Ballhaus  transonic 
wing  analysis 

Transonic  analysis  of  wing-body  or 
wing-winglet  configurations 

Small  disturbance,  moderate 
shock  sweep,  limited  nonplanar, 
and  multiple  surface  capability 

Transonic  airfoil  analysis 

Bauer  code 

Transonic  scaling 

Full  potential  transonic  analysis  - 
hodograph  design  solution 

Isentropic 

Derive  airfoils  from  known 
solutions 

Small  disturbance 

Viscous  analysis 

Bradshaw  turbulent  boundary 
layer  code 

Tapered,  yawed  wing  turbulent 
boundary  layer  analysis  -  finite 
difference  solution 

Quas i -  three - dimens ional 

Transonic  airfoil  analysis 
(Bauer) 

Transonic  viscous/inviscid 
interaction 

TVo-dimensional  intrgral 
boundary  layer  analysis,  nc 
laminar  solution 

Yawed  wing  analysis 

Yawed  wing  laminar/turbulent 
boundary  layer  and  conformal 
mapping/sweep  theory  analysis 

Subcritical,  integral  methods 

SUBSONIC  DESIGN 

Within  the  framework  of  linear  theory,  high  efficiency  is  sought  by  minimizing: 

1.  Vortex  drag  (optinun  lateral  loading  for  a  set  of  constraints) 

2.  Separation  (zero  leading  edge  singularity  at  an  appropriate  lift) 

3.  Trim  drag  (moment  constraint/self-trimming  configuration) 

4.  Viscous -form  drag  and  drag  divergence  (controlled  subcritical  flow  by  prescribing  an  vpper 
surface  pressure  distribution) 


TRANSONIC  DESIOi 

Controlled  supercritical  flow  enconpasses  those  techniques  which  minimize  shock  strengths  and  prevent 
shock-induced  separation.  Considerable  progress  has  been  made  recently  in  the  ijiplementation  of  two- 
dimensional  (2-D)  shockless  or  weak-shock  flows.  For  general  3-D  flow,  the  design  philosophy  is  still 
in  the  development  stages. 


SUPERSONIC  DESIGN 


The  reduction  of  supersonic  pressure  drag  is  obtained  with  the  following  linearizeu-theory  optimiza¬ 
tion  techniques: 

1.  Inverse  supersonic  area  rule  (minimized  wave  drag  through  redistribution  of  volute) 

2.  Drag-due-to-lift  optimization  (lifting  surface  inverse  solution  minimizing  0  percent  suction  drag 
with  moment  constraint) 


LINEAR  THEORY  DESIGN  INITIALIZATION 

The  configuration  design  is  initiated  with  a  linearized  lifting  surface  theozy  inverse  solution 
using  guidelines  relative  to  drag-due-to-lift  optimization  and  upper  surface  pressure  distributions.  The 
transonic  characteristics  are  then  examined  to  establish  the  strength,  location,  and  sweep  of  shocks  and 
their  impact  on  boundary -layer  separation.  Modifications  are  then  initiated  through  a  trial -and-error 
process  to  reduce  the  shock  strengths.  A  distinction  must  be  made  here  between  a  subcritical  design  and 
a  linear-theory  initialization.  For  a  subcritical  design,  the  wing  sections  are  designed  with  linear 
theory  for  a  specific  pressure  distribution  at  a  flight  condition  where  subcritical  flow  is  dominant. 

The  HiMAT  subsonic  cruise  point  is  an  example.  The  use  of  linear  theory  for  a  transonic  maneuver  design 
is  an  intermediate  step.  The  upper  surface  pressures  are,  of  course,  monitored  to  limit  adverse 
gradients. 

The  drag-due-to-lift  optimization  proceeds  by  determining  an  optimum  loading  (constant  downwash  in 
the  Trefftz  plane)  and  then  distributing  the  chord  load  such  that  there  is  no  leading  edge  singularity 
and  the  configuration  is  trimmed.  There  are  any  number  of  chordwise  loadings  that  satisfy  these 
conditions  which,  in  general,  may  be  expressed  by,  for  exanple,  a  sine  series  which  produces  no  leading 
edge  singularity  and  guarantees  that  the  0-  and  100-percent  suction  drag  polars  are  tangent  at  the  design 
lift.  For  efficient  operation  at  high  lift  coefficients,  the  design  lift  is  usually  selected  at  some 
intermediate  value.  It  has  been  found  that,  through  proper  design,  leading  edge  suction  can  be  maintained 
well  above  cLDEctqj-  Further,  the  resulting  camber  is  structurally  practical  and  results  in  efficient 
operation  above  and  below  the  nominal  design  point.  The  sectional  load  may  require  constraints  in  order 
to  limit  the  section  lift  at  off-design  conditions.  In  this  case,  the  span  load  is  prescribed  and  the 
vortex  drag  penalty  monitored  as  the  design  cycle  proceeds  for  the  nonoptimum  loading.  The  optimum  and 
100-percent  suction  drag  polars  are  not  coincident  at  the  design  point,  but  the  0-  and  100-percent 
suction  drag  polars  will  be  tangent  at  the  design  lift. 

The  thickness  is  derived  by  selecting  a  design  point  for  which  an  upper  surface  pressure  distribution 
is  prescribed  and  calculating  the  contribution  to  the  velocity  due  to  lift  (twist  and  canfoer)  and,  in  some 
instances,  wing-body  interference.  With  an  inverse  solution,  the  thickness  is  obtained  for  the  specified 
net  velocity  increment. 

The  linearized  maneuver  condition  design  establishes  a  practical  starting  point  for  later  modifica¬ 
tions.  That  is,  many  design  possibilities  can  be  rapidly  investigated  to  assure  a  design  which  satisfies 
at  least  the  subcritical  design  conditions.  If  deficiences  are  present,  the  configuration  is  modified 
before  substantial  transonic  design  and  analysis  efforts  are  expended. 


WING  ALONE  DESIGN 

In  the  early  phase  of  the  configuraiton  development,  the  design  codes  were  separate  entities  so 
that  a  solution  for  a  span  and  chord  load  for  a  trimmed  condition  could  not  be  derived  simultaneously. 

The  approach  was  to  derive  first  a  cruise  wing  assuming  a  weakly  coupled  canard.  That  is,  all  the  load 
would  be  carried  on  the  wing  at  the  design  point.  The  maneuver  wing  was  obtained  by  scaling  the  cruise 
canter  to  a  design  lift  of  *  .5.  The  wing  with  an  uncambered  canard  resulted  in  a  configuration  which 
had  a  substantially  lower  design  lift  than  desired. 

A  0.147-scale  model  of  the  configuration  designated  -17A  (Fig.  2)  was  tested  in  the  LRC  8-foot 
transonic  prssure  tunnel.  Drag  due  to  lift  was  evaluated  by  removing  the  estimated  skin  friction  drag 
based  on  flat  plate  turbulent  skin  friction  and  standard-form  factor  corrections.  Drag  due  to  lift  is 
shown  in  Fig.  3  for  the  complete  configuration  and  for  the  wing  alone.  Neglect  of  the  canard  interaction 
in  the  design  process  is  illustrated  by  the  increased  drag  due  to  lift  relative  to  the  wing  alone  at  the 
design  lift  *  0.5.  The  wing-alone  performance  was  itself  degraded  at  high-lift  coefficients  as  a 
result  of  the  lack  of  span-load  constraints;  i.e.,  constraints  on  the  section  lift  at  the  wing  tip. 


Figure  2.  RPKV,  -17A 


Figure  3.  Effect  of  Canard  on  Maneuver  Configuration  (-17A)  Drag  Due  to  Lift 
WING-CANARD  DESIGN 

The  time  involved  in  obtaining  a  subsonic  optimization  limited  the  nunber  of  design  variables  that 
could  be  surveyed.  To  increase  the  efficiency  of  the  design  process,  existing  separate  computer  programs 
and  concepts  were  integrated  into  the  distributed  panel  lifting-surface  theory  (1).  The  additions  and 
extensions  are  suimarized  as  follows: 

1.  An  optimum  loading  solution  with  constraints  by  the  method  of  LaGrange  multipliers  was  incorpor¬ 
ated.  Provision  was  made  for  specifying  an  arbitrary  loading  in  an  interactive  manner. 

2.  The  capability  to  constrain  the  moment  for  multisurface  configurations  was  added.  Previously, 
this  step  was  done  manually. 

3.  The  chord  load  calculation  was  incorporated  with  an  interactive  capability  to  modify  the  shape 
for  a  given  section  lift  and  moment. 
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These  modifications  allow  the  twist  and  camber  to  be  derived  in  one  step.  Thus,  the  solution  can  be 
examined  and  parameters  varied  in  an  efficient  manner.  Typically,  the  calculation  proceeded  by  specifying 
a  design  and  C_  and  a  spanwise  center-of-pressure  (X/C)_  variation.  The  optima  span  load  was  derived 
first.  This  could  be  overridden  interactively.  The  program  then  shifted  the  center-of-pressure  variation 
to  satisfy  the  moment  constraint.  The  chord  load  for  each  station  is  derived  for  the  given  lift  and 
moment.  This  shape  could  then  be  modified  interactively.  The  configuration  is  then  analyzed  at  higher 
loadings  to  evaluate  upper  surface  pressure  distributions.  (The  thickness  was  derived  for  the  cruise 
condition.] 

The  design  points  at  0.7  were  C.  ■  0.5  and  0.15  for  the  maneuver  and  cruise  configurations, 
respectively.  Additionally,  the  section  lift  would  be  limited  to  <  0.75  for  *  1. 

Initial  solutions  obtained  for  an  optimum  span  loading  violated  the  wing  and  canard  section  lift 
constraints.  The  code  was  modified  to  allow  specific  regions  of  the  configuration  to  be  constrained  to  a 
given  lift.  An  exaiiple  is  shown  in  Fig.  4.  The  twist  required  for  this  constrained  solution  is 
impractical.  A  sequence  of  solutions  was  obtained  varying  wing-tip  planform  and  canard-wing  load  balance 
to  achieve  a  smooth  wing  and  canard  twist  distribution.  The  outboard  wing  area  was  increased  and  the 
percentage  of  the  total  load  on  the  canard  was  increased  from  15  to  30  percent.  The  wing  twist  derived  is 
shown  in  Fig.  5.  The  wing  twist  distribution  was  then  smoothed.  At  some  span  stations,  the  zero- 
singularity  requirement  will  not  be  met  at  the  design  point.  The  net  effect  on  drag  due  to  lift  was  neg¬ 
ligible.  However,  this  compromise  produced  a  leading  edge  peak  on  the  outboard  wing. 

The  maneuver  sections  were  constructed  and  analyzed  at  Moo*  0.7  for  a  range-of-lift  coefficient. 

For  Cl  ■  0.88,  the  wing  and  canard  upper  surface  pressure  distributions  are  shown  in  Fig.  6.  In  general, 
the  desired  isobar  sweep  has  been  achieved,  and  the  aft  gradients  are  moderate.  As  noted  previously,  as 
a  result  of  smoothing  the  twist,  the  outboard  wing  exhibits  a  leading  edge  pressure  peak.  An  infinite 
yawed  wing  viscous  calculation  predicted  transition  due  to  cross  flow  instability  near  the  leading  edge 
but  no  separation  of  the  turbulent  boundary  layer. 


Figure  4.  Wing-Canard  Span  Load  Optimization 
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Figure  5.  Wing  Spanwise  TVist  Distribution 
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Figure  6.  Maneuver  Configuration  (-18)  Upper  Surface  Pressure  Distributions  -  Linear  Theory 


REVISED  SUBCRITICAL  DESIGN 


The  objectives  of  the  second  subcritical  wing-canard  design  cycle  were  to  examine  the  various 
wing-canard  loading  combinations  which  would  meet  the  section  lift  requirements  and  to  derive  a  twist 
and  camber  that  did  not  require  modification.  To  accomplish  both  objectives,  the  constrained  optimun 
solution  was  not  used  directly.  Instead,  the  loading  was  prescribed  at  each  span  station  so  that  all 
constraints  would  be  met. 

The  0,22-scale  model  of  the  -18  configuration  was  tested  in  the  Ames  14-foot  transonic  wing  tunnel. 
Longitudinal  characteristics  at  subcritical  conditions  (M  -  O.b)  are  shown  in  Fig  7  and  8.  A  linear 
theory  lifting-surface  analysis  was  made  with  the  measured  model  coordinates.  The  agreement  with  the 
experimental  lift  and  moment  (Fig  7)  is  quite  satisfactory.  Drag  due  to  lift  is  shown  in  Fig.  8. 
Increased  efficiency  at  high  lifts  resulted  from  the  inproved  upper  surface  pressure  distribution  on  the 
outboard  wing.  The  untrimmed  drag  rise  characteristics  of  the  first  -18  configuration  and  the  revised 
design  are  shown  in  Fig  9.  The  revised  configuration  meets  the  subcritical  design  goal  but,  as  expected, 
both  subcritical  wing-canard  designs  are  deficient  at  the  transonic  design  point.  The  oil  flow  results 
for  the  transonic  maneuver  condition  indicated  shock- induced  separation  on  the  outboard  wing  and  canard 
and  an  unswept  shock  near  the  trailing  edge  of  the  inboard  wing. 
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Figure  7.  Longitudinal  Characteristics  of  Linear  Theory  Revised  Maneuver  Design 
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Figure  8.  Drag  Due  to  Lift  of  Linear  Theory  Revised  Maneuver  Design 
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Figure  9.  Maneuver  Configuration  Drag  Rise  -  Subcritical  Design 
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The  test  results  confirm  the  validity  of  the  design  process  for  subcritical  flow  for  high  lift, 
high-efficiency  operation.  As  a  measure  of  the  total  efficiency  achieved,  reference  is  made  to  Fig.  8 
where  the  flat  plate  drag-due-to-lift  factors  1/ttAR  and  1/Cl^  are  conpared  with  the  test  data.  Of 
course,  for  a  nonplanar  configuration,  the  optimun  is  1/irARe  where  e-1.3  for  the  HiMAT  design.  This 
optimum,  though,  can  only  be  realized  at  high  loadings  to  the  extent  separation  can  be  eliminated.  The 
subcritical  design  now  provides  a  base  point  from  which  further  modifications  can  be  made  for  siper- 
critical  flow.  The  subcritical  design  process  cannot  be  expected  to  yield  satisfactory  designs  for 
low- aspect -ratio,  highly  loaded  configurations  operating  in  the  transonic  range.  However,  this  process 
provides  an  effective  means  of  initializing  the  design. 


NONLINFAR  DESIGN 

The  primary  3-D  transonic  analysis  was  the  Bailey-Ballhaus  classical  small -disturbance  code  (2). 
This  was  applicable  to  a  single  planar  surface.  The  presence  of  the  canard  and  wing-tip  fin  on  the 
HiMAT  presented  computational  difficulties.  As  a  first  step,  a  vertical  fin  option  was  incorporated 
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into  the  code.  The  sinulation  was  restricted  to  the  X-Z  plane  but  would  allow  an  arbitrary  spanwise 
position  above  and/or  below  the  wing  computational  slit.  Efforts  were  continued  to  simulate  a  wing- 
canard  configuration.  Calculations  were  made  to  determine  the  canard  downwash  on  the  wing  plane. 
Nonlinear  and  linear  theory  calculations  for  the  downwash  were  in  good  agreement.  An  application  to 
account  for  the  effect  of  the  canard,  which  has  been  found  useful  a  post  facto,  is  to  include  the 
average  chordwise  downwash  as  a  twist  increment  in  the  wing  boundary  conditions. 

STATUS  OF  SUBCRITICAL  DESIGN 

When  the  first  subcritical  wing-canard  design  was  completed,  the  intent  was  to  use  the  Bailey- 
Ballhaus  code  to  analyze  and  modify  the  maneuver  wing  for  low-drag  supercritical  flow.  The  following 
considerations  affected  implementation  of  the  transonic  analysis.  First,  the  simulation  did  not  include 
the  canard  so  that  wing  pressures  would  have  to  be  treated  in  a  qualitative  manner.  Second,  the 
formulation  was  not  well-suited  to  capture  swept  shocks.  With  these  points  in  mind,  there  was  initially 
some  hesitation  regarding  the  modification  of  the  configuration  until  experimental  pressure  data  were 
available.  Nevertheless,  some  modifications  were  attempted,  but  they  were  minor  in  nature-  The  results 
of  the  transonic  analysis  of  these  designs  are  presented  to  illustrate  the  features  of  the  transonic 
methodology  and  as  a  basepoint  for  later  configuration  modifications. 

The  conditions  for  which  the  small  disturbance  theory  is  applicable  are  not  known  a  priori.  At 
Moo*  0.9,  the  angle  of  attack  corresponding  to  the  subcritical  intermediate  design  point  was  selected. 
The  upper  surface  pressures  for  the  wing  are  shown  in  Fig  10.  The  formation  of  an  unswept  shock  exten¬ 
ding  outboard  to  V=  0.7  is  indicated.  With  a  relaxation  solution,  there  is  always  the  question  of  the 
required  nuifcer  of  iterations  for  convergence.  The  previous  fine-grid  results  were  obtained  with  450 
iterations  from  a  coarse-grid  solution.  Results  after  2,000  additional  iterations  were  qualitatively 
unchanged. 
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Figure  10.  Fine  Grid  Theoretical  Pressures  for  Maneuver  Wing,  Measured  Model  Coordinates 

To  resolve  the  configuration  deficiencies  at  transonic  conditions  and  provide  some  guidelines  for 
implementation  of  the  Bailey-Ballhaus  analysis,  a  follow-up  test  was  conducted  (TWT  294)  after  the  Ames 
series  (ARC  Test  156-1-14)  to  measure  upper  surface  pressure  distributions.  For  two  spanwise  stations 
the  calculations  were  conpared  with  canard-off  measured  pressures.  At  55-percent  span  (Fig.  11a),  the 
agreement  (allowing  for  viscous  effects)  is  satisfactory  with  regard  to  the  shock  locations.  However,  for 
the  outboard  wing  (Fig.  lib),  the  shock  is  not  captured.  Oil-flow  results  indicated  a  swept  shock  and 
attached  flow  at  or*  5°.  The  inability  of  the  method  to  adequately  capture  swept  shocks  has  been  noted 
previously.  The  slower  convergence  of  the  solution  for  this  region  may  accouit  for  some  portion  of  the 
difference,  but  based  on  earlier  results,  it  was  concluded  that  no  shock  would  be  predicted  with  further 
iterations . 

Some  proposed  modifications  to  the  method  similar  to  those  of  reference  3  were  considered.  These 
involved  additional  terms  in  the  governing  equation  and  revisions  to  the  differencing  scheme.  However, 
at  the  timie,  no  modification  was  available  to  impact  the  design  effort.  For  the  maneuver  point,  disparity 
in  the  experimental  and  calculated  results  for  the  highly  loaded  outboard  wing  will  limit  the  analysis 
and  design  capability  for  the  present  small-disturbance  formulation. 


(a)  INBOARD  WING  (b)  OUTBOARD  WING 

Figure  11.  Calculated  and  Measured  Canard-Off  Wing  Pressures 


3-D  TRANSONIC  MANEUVER  DESIGN 

Based  cm  the  preceding  transonic  calculations  and  test  analysis,  redesign  of  the  HiMat  configuration 
was  divided  into  two  phases.  The  first  was  to  improve  characteristics  of  the  maneuver  wing  through  appli¬ 
cation  of  the  nonlinear  small-disturbance  theory  in  an  iterative  manner.  The  second  phase  involved  the 
design  of  those  regions  where  the  existing  small -disturbance  formulation  was  not  adequate:  the  outboard 
wing  and  canard. 

For  the  inboard  and  center  regions  of  the  wing  ( */< 0.7),  the  primary  design  objective  was  to  reshape 
the  sections  to  weaken  the  shock  near  the  trailing  edge.  For  this  region,  where  the  generator  sweep  is 
varying  considerably,  a  triangular -type  upper  surface  pressure  distribution  is  used.  The  distribution 
must  be  such  that  at  higher  lifts  (Cl  —  1) ,  at  most,  a  series  of  weak  shocks  occur.  To  redesign  the 
inboard  and  center  wing  sections,  the  camber  was  modified  so  that  the  load  would  be  moved  toward  the 
leading  edge.  The  wing  was  analyzed,  and  based  on  these  results,  the  ipper  surface  was  varied  in  a 
trial  and  error  process  until  an  acceptable  pressure  distribution  was  obtained.  The  lower  surface  was 
then  modified  to  produce  a  camber  distribution  which  would  retain  the  sdbcritical  maneuver  performance 
at  high  lifts. 

The  results  of  the  first  series  of  modifications  are  shown  in  Fig.  12  for  60-percent  span.  All 
calculations  were  made  with  the  fine  grid  to  properly  resolve  the  shocks.  Additional  reshaping  was  not 
successful  in  further  weakening  the  shock.  The  span  load  distribution  prescribed  in  the  subcritical 
design  was  generally  maintained.  To  further  weaken  the  shock  in  the  center  region,  the  trailing  edge 
sweep  was  increased  and  the  wing  sections  revised  slightly  to  assure  that  the  proper  isobar  sweep  was 
maintained.  The  planform  modification  and  the  resulting  change  in  the  pressure  distribution  at  60- 
percent  span  are  shown  in  Fig.  13. 


Figure  12.  Three-dimensional  Transonic  Design  -  Effect  of  Section  Modification 
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Figure  13.  Transonic  Wing  Design  -  Effect  of  Planform  Modification 

The  revised  wing  (-35)  for  the  maneuver  configuration  was  tested  (TWT  296)  to  deteraine  effectiveness 
of  the  supercritical  modifications  and  provide  additional  pressure  data  for  estimating  the  influence 
of  the  canard  on  the  position  and  strength  of  the  wing  shocks.  The  modifications  were  successful  in 
weakening  the  center  wing  shock  and  eliminating  shock- induced  separation  at  the  design  point.  Pressure 
distributions  at  5S-percent  span  are  shown  in  Fig.  14.  For  this  design,  there  was  a  swept,  weak  shock 
at  approximately  35-percent  chord.  Oil-flow  results  indicated  that  the  shock  at  85-percent  chord  did 
not  separate  the  boimdary. 
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Figure  14.  Experimental  Verification  of  Weakened  Shock  by  Transonic  Design/ Analysis  Cycle 

Use  of  the  Bailey-Ballhaus  nonlinear  small-disturbance  analysis  was  successful  in  satisfying  design 
objectives  for  the  wing  alone.  The  inswept  shock  was  essentially  eliminated  over  the  inboard  70  percent 
of  the  wing.  This  shock  was  replaced  by  a  series  of  weak,  swept  shocks.  Near  the  wing  root  the  inswept 
shock  remained,  as  expected.  The  experimental  pressure  data  indicated  that  the  shock  strength  at  the  wing 
root  was  moderate  at  the  design  condition,  local  mach  (before  the  shock)  of  1.2.  The  design  objectives 
were  generally  maintained  in  the  presence  of  the  canard.  The  effect  of  the  canard  downwash  over  the 
center  wing  section  did  not  change  the  weak,  swept  shock  pattern. 

2-D  TRANSONIC  DESIGN 

The  inapplicability  of  the  small-distuibance  analysis  for  the  highly  swept  outboard  wing  required 
use  of  a  2-D/sweep  theory  design  cycle.  A  higher  order  3-D  solution  (4)  would  be  preferable  but  could 
not  be  inplemented  in  the  time  span  required.  The  intent  was  to  use  2-D  section  results  and  sweep  theory 
to  arrive  at  an  appropriate  ipper  surface  pressure  distribution  for  the  relatively  low- taper  outboard 
wing.  Then,  if  the  wing  can  be  shaped  to  reproduce  the  2-D  result,  the  2-D  design  goals  can  be  met. 
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The  primary  objective  was  to  eliminate  the  shock- induced  separation  at  the  design  point.  At  or  near  the 
design  condition,  a  shockless  or  weak  shock  solution  would  be  sought.  Some  trailing  edge  separation  would 
be  admitted. 

First,  the  approximate  2-D  section  requirements  were  established.  An  estimate  of  the  section  lift  on 
the  outboard  wing  was  made  for  the  existing  configuration.  .A  nominal  design  total  lift  coefficient  of 
CL  ■  1.0  was  selected.  The  section  lift  requirements  are  still  quite  high  but  attenpts  to  further  con¬ 
strain  the  outboard  wing  load  would  result  in  impractical  twist  requirements.  For  this  condition,  using 
the  midchord  sweep  (A  =  40  degrees),  the  required  2-D  section  lift  Cj^  is  of  the  order  Q1  =  1.2  to  1.4. 

The  normal  mach  number  is  MA  =  0.69.  Thus,  if  an  airfoil  section  can  be  designed  for  efficient  operation 
at  these  conditions,  the  corresponding  pressure  distribution  (Cpcos^A)  can  be  prescribed  as  a  design  goal 
for  the  finite  yawed  wing.  The  second  problem  is  to  reshape  the  outboard  wing  sections  to  produce  infinite 
yawed  wing  conditions. 

The  approach  to  the  2-D  airfoil  design  was  to  start  with  (1)  an  existing  airfoil  or  (2)  scale  a  known 
solution  with  the  transonic  similarity  rule  and  modify,  if  necessary,  for  the  desired  design  condition.  Of 
the  available  supercritical  sections,  an  airfoil  reported  in  reference  5  came  closest  to  the  design  require¬ 
ment.  The  section  is  designated  65-14-08  where  the  sets  of  digits  refer  to  a  nominal  design  mach  number, 
lift  coefficient,  and  thickness  ratio.  The  Garabedian  65-14-08  airfoil  was  scaled  to  a  nominal  design  mach 
number  of  M  =  0.7,  using  the  transonic  similarity  rule.  The  section  was  analyzed  at  the  scaled  design 
point  with  the  transonic  method  of  reference  5. 

The  actual  section  was  obtained  by  removing  the  upper  surface  displacement  thickness  calculated  for 
infinite  yawed  wing  conditions .  The  displacement  thickness  for  the  model  Reynolds  number  which  was  used 
and  for  a  full-scale  configuration  are  shown  in  Fig.  15.  The  lower  surface  displacement  thickness  correc¬ 
tion  could  be  similarly  applied  and  a  linear  rotation  would  be  used  to  adjust  the  trailing  edge  thickness. 
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Figure  15.  Scaled  Garabedian  Airfoil  (70-11-06)  Upper  Surface  Displacement  Thickness 


The  section  was  then  analyzed  to  assess  the  off-design  performance  with  increasing  lift.  The  Bauer 
analysis  (5)  did  not  include  a  yawed  wing  boundary- layer  method;  so  the  results  must  be  viewed  qualita¬ 
tively.  Pressure  distributions  at  C |  — 1.2  and  1.4  are  shown  in  Fig.  16.  However,  shock-induced  separation 
is  still  predicted  at  the  higher  lift  coefficient. 

In  a  private  comnunication  from  Richard  T.  Whitcomb  of  NASA/Langley  Research  Center,  an  alternate 
supercritical  philosophy  was  suggested  where  the  final  recompression  is  not  initiated  until  approximately 
80-pcrccnt  chord.  There  may  be  one  or  more  smaller  recompressions  preceding  this,  and  for  supercritical 
flow,  weak  shocks  are  accepted.  This  philosophy  is  illustrated  in  Fig.  17  for  the  LRC/Whitcomb  74-10-06 
airfoil.  The  initial  supercritical  region  is  terminated  in  a  shock.  Following  this  is  an  expansion  to  a 
slightly  supercritical  flow  and  a  shocklcss  recompression.  Although  at  the  design  point  there  is  some  wave 
drag,  the  off-design  performance  has  been  found,  experimentally,  to  be  usually  better  than  that  of  the 
shockless  airfoils. 


The  74-10-06  airfoil  was  analyzed  at  the  design  Reynolds  number,  displacement  thickness  was  added,  and 
the  section  was  scaled  to  a  design  mach  number  of  Mx  =  0.69.  The  inviscid  pressure  distribution  was 
obtained  at  the  scaled  angle  of  attack  and  is  shown  in  Fig.  17.  The  design  lift  (Cj  «  1.3)  was  now  much 
closer  to  the  required  value.  The  boundary -layer  characteristics  were  calculated  for  infinite  yawed  wing 
conditions  (M— -  0.9  and  A  =  40-degrees).  Upper  surface  trailing  edge  separation  occurred  at  approximately 
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95-percent  chord.  Several  modifications  to  the  contour  were  attested,  using  the  streamline  curvature 
approach  of  reference  6,  but  the  separation  could  not  be  eliminated.  It  was  felt  that  some  trailing  edge 
separation  could  be  tolerated  if  the  existing  shock-induced  separation  was  delayed. 


When  the  displacement  thickness  was  removed  from  the  inviscid  shape,  the  contours  crossed  before  the 
trailing  edge.  The  lower  surface  was  rotated  to  provide  a  suitable  thickness  in  the  trailing  edge  region, 
but  the  thickness  ratio  was  now  almost  9-percent  (7-percent  in  the  freestream  direction).  A  supersonic 
pressure  drag  analysis  indicated  a  substantial  penalty.  The  lower  surface  was  modified  to  reduce  the 
thickness  but  not  impact  the  upper  surface  flow  quality. 

Hie  modified  LRC/Whitcomb  derivative  was  adapted  to  the  outboard  wing  panel  such  that  the  isobar  sweep 
would  be  maintained  at  the  design  condition.  An  oil  flow  for  this  wing  (W17)  near  the  nominal  design  point 
is  presented  in  Fig.  18.  A  weak  swept  shock  on  the  outboard  wing  was  achieved.  Trailing  edge  separation 
is  indicated,  consistent  with  the  analytical  prediction. 

The  progressive  reduction  of  transonic  drag  is  surmarized  in  Fig.  19.  Major  reduction  resulted  from 
the  weakening  of  the  inboard  unswept  shock.  The  drag  was  progressively  lowered  by  inproving  the  flow 
quality  of  the  outboard  wing  and,  to  a  lessor  degree,  the  outboard  canard. 
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SUBCRITICAL  DESIGN:  WING  ALONE  (-17A) 
O  LRC  721  TEST  W2CM 

SUBCRITICAL  DESIGN:  WING  CANARD  (18) 
A  ARC  156  114  TEST  W7C4 

SUPERCRITICAL  DESIGN: 

3-D  INBD  WING  DESIGN 
□  TWT  296  TEST  W10C5B 

2-D  OUTBD  WING  DESIGN 
O  TWT  296  TEST  W13C10B2 

2  0  OUTBD  WING  &  CANARD  DESIGN 
V  TWT  296  TEST  W17C10B2 


figure  19.  Reduction  ol'  Maneuver  Configuration  Itrag  Rise  hy  Transonic  Design  Cycle 


RECENT  CDMl’UTATlONAl,  :-\i'IRII..V.  : 

Initial  analysis  used  the  Bai  ley-Bal  llwuis  classical  smal 1 -disturbance  (USD)  theory  formulation  (2). 

At  the  time,  it  was  suggested  that  the  CSI)  formulation  would  not  adequately  capture  highly  swept  shocks. 
Some  calibration  would  be  necessary  to  determine  those  flow  conditions  or  regions  of  the  planform  where  the 
predictions  could  he  used  with  confidence.  Wind  tunnel  tests  indicated  that  the  conrputat ions  adequately 
predicted  the  location  and  strength  of  the  inboard  shock,  lire  existence  of  the  outboard  shock,  however, 
was  not  produced  numerically.  This  finding  led  to  several  approximate  theoretical  modifications  (7)  to 
enrich  the  Karman-Cuderly  transonic  smal 1 -disturbance  equation  of  motion  by  adding  certain  nonlinear  cross 
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terms.  The  extended  analysis  was  successful  in  predicting  the  entire  upper  surface  wing  flow.  The  before 
and  after  comparison  is  presented  on  Fig.  20.  The  modified  small  disturbance  (MSD)  theory  derived  in 
response  to  HiMAT  tests  has  been  adopted  in  more  recent  code  developments  (8,9)  concerned  with  improving 
computational  efficiency,  including  fuselage  effects,  etc. 


Figure  20.  Comparison  of  Small -Disturbance  Theory  and  Measured  HLMAT  Wing  Upper  Surface 
Pressure  Distribution  at  M^,*  0.9,  a-  s  Degrees 


A  series  of  numerical  experiments  were  subsequently  performed  on  the  maneuver  wing  to  establish  the 
consistency  of  various  modified  small-disturbance  formulations  (7,8)  and  the  full -potential  equation  of 
motion  solution  (4,10)  satisfying  exact  boundary  conditions.  Primary  interest  was  in  prediction  of  the 
existence,  strength,  and  location  of  shock  waves  as  a  prelude  to  their  weakening  or  elimination  through 
design  modifications.  Representative  results  of  the  numerical  computations  are  presented  in  Fig.  21  for 
the  same  nominal  C^.  Examination  of  the  chord  load  shapes  indicates  differences  between  the  various  pre¬ 
dictions  concerning  the  existence  and  strength  of  shock  waves.  The  differences  at  60-percent  span  are  the 
most  pronounced  and  indicate  either  a  strong  (supersonic  to  subsonic  deceleration),  weak,  or  no  shock. 


Figure  21.  Comparison  of  Transonic  Analysis  Methods  for  HiMAT  Wing-Alone  Configuration, 

M  *  0.9,  a  =  6  Degrees 


17-16 


As  noted  previously,  a  possible  approximation  of  the  canard  influence  is  the  inclusion  of  its  downwash 
in  the  wing  boundary  condition.  To  assess  the  premise,  the  downwash  was  calculated  and  applied  as  a  twist 
increment  to  the  wing  geometry.  It  was  found  that  the  chordwise  variation,  at  a  particular  spanwise  loca¬ 
tion,  was  small.  Calculations  with  the  Jameson  conservative  code  FL027  are  compared  with  experiment  in 
Fig.  22.  The  calculation  did  not  include  the  fuselage  or  winglet. 


HIMAT  19  RPRV  PRESSURE  DISTRIBUTIONS 


Figure  22.  Comparison  of  Jameson  Conservative  Analysis  (FL027)  With  Measured  HiMAT  (-19) 

Maneuver  Wing  Pressures 


FLEXIBLE  WING  DESIGN 


The  cruise  configuration  is  defined  by  deforming  the  maneuver  shape  so  that  satisfactory  performance 
is  obtained  for  transonic  and  supersonic  cruise.  The  ideal  situation  would  be  a  configuration  that  pro¬ 
duced  a  nearly  optimum  loading  with  minimum  viscous  and  wave  drag  as,  for  example,  a  pure  subcritical 
cruise  design.  Designing  primarily  for  maneuver  performance  will  limit  the  freedom  to  design  an  optimum 
cruise  configuration. 

The  variable  camber  system  concept  is  based  on  obtaining  optimum  performance  at  two  or  more  design 
conditions  through  a  combined  mechanical  and  aeroelastic  deflection.  Once  the  maneuver  configuration  is 
defined,  the  cruise  shape  is  determined  by  iteration.  Given  a  leading  edge  variable  camber  system  and  an 
unspecified  twist  increment  due  to  structural  bending,  a  linear  or  nonlinear  analysis  (or  combination  of 
both)  is  used  to  define  the  best  cruise  shape  with  the  geometric  constraints  of  the  supercritical  maneuver 
design.  These  constraints  limit,  obviously,  the  number  of  section  shapes  that  can  be  defined,  and  a  com¬ 
promise  between  the  span  load  shape  and  the  upper  surface  pressure  distribution  may  be  required.  The 
design  is  thus  an  iterative  process,  guided  by  the  results  of  earlier  optimum  cruise  designs. 

The  performance  compromise  which  arose  in  the  cruise  configuration  was  due  to  the  supercritical 
modifications  associated  with  the  maneuver  design  and  the  constraint  imposed  on  the  aeroelastic  increment. 
The  increment  in  spanwise  twist  was  initialized  with  the  first  subcritical  design  and  subsequently 
modified  for  the  revised  subcritical  maneuver  design.  At  this  point,  the  aeroelastic  twist  increment 
goal  was  set  so  that  the  structural  development  could  proceed  in  parallel  with  aerodynamic  development. 

A  cruise  configuration  was  defined  for  the  design  with  the  scaled  Whitcomb  section  on  the  outboard 
wing.  This  section  was  characteristic  of  aft-cambered  supercritical  airfoils  and  presented  difficulties  in 
the  derivation  of  the  cruise  wing.  The  trailing  edge  cusp  would,  if  used  in  the  maneuver  position,  result 
in  a  transonic  and  supersonic  camber  drag  penalty.  A  subcritical  analysis  was  performed  to  define  the  best 
compromise  between  trailing  edge  (aileron)  deflection  and  twist  distribution.  The  compromise  is  between 
average  camber  (twist)  and  local  camber  (trailing  edge  deflection).  The  design  that  resulted  included 
a  4-degree  aileron  deflection  to  partially  cancel  the  maneuver  trailing  edge  camber.  Additionally,  only 
70-percent  of  the  aeroelastic  twist  increment  originally  expected  was  available. 


The  drag  due  to  lift  for  the  cruise  configuration  (WipCj])  is  compared  to  an  early  subcritical  design 
(WjCj)  and  the  goal  in  Fig.  23.  The  effective  increase  in  design  C|  resulted  in  a  substantial  penalty  at 
low-lift  coefficients. 
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Figure  23.  Cruise  Configuration  Trimmed  Drag  Due  to  Lift 


EVOLVED  CONFIGURATION  AND  PERFORMANCE 


The  final  configuration  presented  at  the  preliminary  design  review  (PDR)  and  performance  status 
relative  to  the  goals  are  presented  in  this  section.  Additional  configuration  modifications,  progressing 
from  the  -18A  to  -19  designs,  included:  (1)  an  enlarged  vertical  tail  and  the  addition  of  lower  surface 
winglets  for  improved  lateral-directional  stability  and  (2)  mass  balances  at  the  wingtips  for  flutter 
suppression.  The  PDR  baseline  configuration  for  the  RPRV  concept  is  shown  in  Fig.  24. 
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283.7  kg/m2 

STRUCTURE  LIMIT 

12  G 
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286  kg 

CG,  %c 

8.13 

*  TARGET 


Figure  24.  HiMAT  RPRV  Preliminary  Design  Review  Baseline,  (-19) 


17-18 


Test  results  are  presented  to  indicate  the  extent  to  which  the  design  objectives  have  been  met.  The 
primary  goal  is  to  minimize  the  transonic  drag  due  to  lift.  In  Fig.  25,  trimmed  and  untrimned  drag  due  to 
lift  are  compared  to  the  goal  for  mach  0.6  and  0.9.  For  subsonic  conditions,  the  trinmed  drag-due-to-lift 
objective  was  achieved  or  exceeded  for  lift  coefficients  up  to  Cl  =  1.2.  At  a  lift  coefficient  of  1,  the 
efficiency  factor  (e)  is  approximately  0.95  for  subsonic  conditions.  For  transonic  operation,  the  trinmed 
objective  was  not  achieved.  At  the  nominal  design  point  (M  =  0.9  and  Cl=-1),  the  drag-due-to-lift  factor 
(CDl/Cl2)  was  0.014  above  the  trinmed  objective.  Still,  considerable  progress  in  reducing  the  transonic 
drag  had  been  made  since  the  drag-due-to-lift  factor  was  0.07  above  the  objective  for  the  phase  III 
baseline  (- 17A) . 


The  HiMAT  fighter  maneuvering  goal  is  a  normal  load  of  N£  =  8.0  for  Pg  =  0  at  the  design  point  of 
M  =  0.9  and  h  =  9,144  meters.  The  -19  configuration  maneuver  performance  status  is  Nz  =  7.3  for  Pg  =  0. 


(a)  Mao  =  0.6 


(b)  Moo  =  0.9 


Figure  25.  HiMAT  RPRV  (-19)  Drag  Due  to  Lift 


CONCLUSIONS 


The  general  conclusions  of  the  HiMAT  aerodynamic  design  experience  are: 

1.  A  substantial  amount  of  the  maneuver  design  effort  involved  linear  theory.  In  the  future,  as 
more  general  transonic  design  and  analysis  techniques  evolve,  the  extent  of  the  linear  theory 
design  used  should  be  diminished.  At  present  though,  linear  theory  provides  a  fast  and 
efficient  means  of  evaluating  design  requirements  for  preliminary  and  detailed  design  studies. 
The  modifications  to  the  computerized  design  procedure,  necessitated  by  the  HiMAT  configuration 
and  design  objectives,  produced  a  means  of  properly  initializing  the  maneuver  design  so  that 
lifting  surface  efficiency,  structural  requirements,  and  off-design  performance  could  be 
examined  and  varied  in  an  efficient  manner. 

2.  The  Bailey-Ballhaus  transonic  analysis,  used  in  an  iterative  mode,  was  valuable  in  achieving 
the  prescribed  supercritical  pressure  distributions  for  regions  of  moderate  shock  sweep. 
Restrictions  of  the  formulation  were  partially  overcome  by  relying  on  a  design/test  cycle. 

This  was  necessary  to  account  for  the  effects  of  the  canard  and  evaluate  conditions  above  the 
design  point.  Application  of  the  transonic  code  was  generally  successful  in  weakening  the 
shocks  for  the  wing  region  inboard  of  70-percent  span.  Further  weakening  of  the  root  shock  is 
desirable,  but  the  possible  decrease  in  wave  drag  cannot  be  quantified  with  the  present  small 
disturbance  formulation  in  order  to  evaluate  the  overall  intact . 

3.  Restrictions  of  the  3-D  transonic  analysis  were  most  troublesome  for  the  highly  swept,  highly 
loaded  outer  wing  panel.  Here,  the  recourse  was  a  2-D/sweep  theory  initialization,  aided  by  a 
linear  theory  analysis  to  verify  that  constant  sectional  characteristics  prevailed.  The  sweep 
theory  design  is  a  valid  means  of  determining  a  pressure  distribution  that  will  produce  attached 
flow  for  moderately  tapered  regions.  Guidance  for  the  transonic  implementation  of  the  sweep 
theory  design  was  principally  obtained  through  analysis  of  the  test  data.  This  was  not  the  most 
effective  design  procedure.  A  more  comprehensive  set  of  methodology  is  required  which  would 
include  a  multiple-surface  transonic  design  and  analysis  capability  and  a  3-D  boundary  layer. 

4.  For  the  cruise  configuration,  the  consequences  of  using  supercritical  sections  and  variable 
camber  was  not  fully  resolved.  This  was  due  primarily  to  the  imposed  structural  (twist) 
constraint  and  not  a  lack  of  inherent  aerodynamic  efficiency,  although  an  arrangement  without 
the  structural  constraints  was  not  tested. 
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NUMERICAL  METHODS  FOR  DESIGN  AND  ANALYSIS  AS  AN 
AERODYNAMIC  DESIGN  TOOL  FOR  MODERN  AIRCRAFT 
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SUMMARY 


The  application  and  validation  of  several  computational  aerodynamic  methods  in  the  design  and  analysis 
of  transport  and  fighter  aircraft  is  established.  The  main  part  of  the  paper  Is  directed  towards  tran¬ 
sonic  flow  problems.  An  assessment  is  made  concerning  more  recently  developed  methods  that  solve  tran¬ 
sonic  flow  and  boundary  layers  on  maneuver-flaps,  wings,  inlets  and  bodies. 

Capabilities  of  subsonic  and  supersonic  aerodynamic  methods  are  demonstrated  by  the  inlet  integration 
on  the  Alpha-Jet  design,  supersonic  “Rautenflugel "-analysis,  subsonic  and  supersonic  wing  optimization 
for  a  fighter  and  high  lift  device  analysis. 

The  accuracy  of  transonic  methods  is  demonstrated  by  comparison  of  computed  results  to  experimental  data 
for  transport  and  fighter-type  wing  body  combinations,  axisymmetric  inlet  flowfields,  two  element  airfoil 
systems  and  cascades.  Special  attention  is  given  the  capabilities  of  such  methods  to  simulate  wind  tunnel 
effects. 


INTRODUCTION 

Aircraft  development  costs  have  escalated  exceedingly  within  the  last  few  years.  Greater  emphasis  must 
be  placed  on  exploring  analytically  and  experimentally  new  configuration  concepts  aimed  at  substantially 
expanding  airplane  performance  capabilities.  The  present  state  of  the  art  In  aerodynamic  design  requi¬ 
res  extensive  configuration  iterations  through  repeated  wind  tunnel  testing  that  is  costly,  time  consu¬ 
ming  and  relies  heavily  on  inhouse  experiences  and  expertise.  Significant  advances  have  been  achieved 
recently  in  aerodynamic  computational  methods  which  allow  the  numerical  computation  of  flows  around 
three  dimensional  configurations  and  provide  valuable  guides  to  those  seeking  understanding  of  specific 
problems  or  those  pursuing  innovative  design  concepts. 

At  Dornier  a  selection  of  numerical  methods  in  fluid  dynamics  Is  available  which  has  application  to  the 
analysis  and  design  of  transport  as  well  as  fighter  type  aircraft  configurations  in  the  transonic  speed 
regime.  A  great  amount  of  effort  and  emphasis  has  been  placed  on  the  validation  of  these  methods  and  to 
establish  limits  of  their  applicability.  Results  to  date  have  been  encouraging  and  the  use  of  those 
methods  can  provide  a  substantial  reduction  in  time  as  well  as  cost  required  to  achieve  a  good  design. 

This  paper  adresses  mainly  to  the  validity  and  application  of  current  three  dimensional  transonic  pro¬ 
grams  including  boundary  layer. effects.  The  accuracy,  applicability,  and  limitations  of  threedimensio¬ 
nal  transonic  TSP  and  full  potential  methods  developed  at  Dornier  were  evaluated  by  comparison  with  ex¬ 
perimental  data  obtained  on  advanced  technology  wing-body  configurations.  By  combination  with  the  Cor¬ 
nier  three  dimensional  boundary  layer  code  also  the  influence  of  viscous  effects  is  shown.  By  inclusion 
of  wind  tunnel  wall  boundary  conditions  in  the  inviscid  code  finally  a  complete  set  of  methods  is 
described  which  can  be  semi-automatical ly  used  to  evaluate  the  analysis  as  well  as  design  problem  of 
current  transonic  configurations  in  free  flight  as  well  as  in  windtunnels. 

For  completeness  a  summary  of  some  of  the  currently  available  methods  is  presented  for  subsonic  and  super¬ 
sonic  flow  and  examples  are  shown  of  their  application  to  a  variety  of  aircraft  design  and  analysis  pro¬ 
blems. 


DESCRIPTION  OF  COMPUTATIONAL  AERODYNAMIC  METHODS 

A  large  selection  of  computational  methods  are  available  that  have  broad  application  to  the  analysis  and 
design  of  transport  and  fighter  aircraft  flying  in  the  subsonic,  transonic  and  supersonic  speed  regimes. 
A  thorough  review  of  these  methods  will  not  be  given  here  since  the  background  literature  is  easily 
accessible.  On  the  other  hand,  their  main  features  pertinent  to  the  work  presented  herein  are  briefly 
discussed. 


Three-Dimensional  Subsonic  Potential  Flow  Method  for  Arbitrary  Configurations 

A  computational  method  has  been  developed  that  can  treat  arbitrary- subsonic  three-dimensional  potential 
flows  including  inlet  flow  fields  ll].  This  is  a  linear  method  solving  Laplace’s  equation  satisfying 
exact  boundary  conditions  based  on  [2],  [3].  In  this  approach  the  velocity  potential  at  any  point  In  a 
flow  field  is  expressed  in  terms  of  the  Induced  effects  of  source  and  doublet  (or  vortex)  sheets  distri¬ 
buted  on  the  boundary  surfaces.  The  configuration  surfaces  are  divided  Into  panels,  and  hence,  this 
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approach  is  known  as  a  panel  method.  Essentially,  this  is  a  general  three  -  dimensional  boundary  value 
problem  solver  that  is  capable  of  being  applied  to  most  problems  that  can  be  modeled  within  the  limita¬ 
tions  of  potential  flow.  Compressibility  effects  are  approximated  by  the  Goethert  rule,  and  thus  analysis 
of  transonic  flow  is  not  possible  with  this  method.  Viscous  effects  can  be  represented  by  the  surface 
displacement  concept.  An  improved  higher  order  method  [4]  is  available  as  a  pilot  code.  These  methods  are 
ideally  suited  for  analyzing  complex  aircraft  configurations  in  subsonic  flow. 


Three-Dimensional  Vortex  Lattice  Method  for  Arbitrary  Configurations 

A  method  based  on  vortex  lattice  theory  has  been  developed  at  Dornier  that  can  be  applied  to  the  combined 
analysis,  induced  drag  optimization,  nonlinear  vortex  lift  (based  on  Polhamus  Analogy)  computation,  and 
jet  simulation  of  threedimensional  configurations  of  arbitrary  shape  [5), [6].  This  is  a  linear  method  sol¬ 
ving  Laplace's  equation  satisfying  thin  wing  boundary  conditions  on  the  camber  surface  and  optionally  curved 
wake  influence.  The  optimization  process  utilize  the  method  of  Lagrange  multipliers.  Compressibility  effects 
are  approximated  by  the  mass  flux  rule.  Its  ease  of  use,  high  computational'  speed,  and  design  capability 
make  it  particularly  valuable  in  evaluating  design  variations,  arriving  at  optimized  configurations,  and 
designing  new  wing  camberline  shapes. 


Two-Dimensional  Methods  for  Subsonic  and  Transonic  Multielement  Airfoil  Analysis/Desjgr. 

As  a  joint  venture  between  Saab  and  Dornier  a  numercial  method  has  been  developed  for  the  analysis  and 
mixed  analysis/design  mode  of  two-dimensional  transonic  flow  around  twoelement  airfoil  systems  [7],  [8] 
Arbitrarily  shaped  airfoil  sections  can  be  treated  through  the  use  of  a  series  of  conformal  mappings.  The 
physical  domain  outside  the  two  sections  is  mapped  into  the  ring  domain  between  two  concentric  circles, 
the  Interior  of  the  outer  circle  being  the  exterior  of  the  main  airfoil  and  the  exterior  of  the  inner 
circle  being  the  exterior  of  the  secondary  airfoil.  Within  this  ring  domain  the  flow  field  is  computed  sol¬ 
ving  the  nonconservative  full  potential  equation  by  means  of  Jamesons  rotated  difference  scheme  and  SLOR  in 
combination  with  nonlinear  extrapolation  and  multigrid  technique.  Viscous  flow  is  simulated  by  coupling 
the  inviscid  code  to  a  set  of  boundary  layer  methods  [9]. 

For  subsonic  speed  the  codes  are  coupled  to  a  twodimensional  panel  method  for  multi-element  airfoils  cor¬ 
respondingly  [10]. 


Two-Dimensional  Methods  for  Transonic  Airfoil  and  Cascade  Analysis/Design 

Several  two-dimensional  transonic  methods  have  been  developed,  by  various  organizations,  which  are  able  to 
analyze  airfoils  or  cascades  [11],  [12],  [13],  [14],  [15],  [16]  Some  methods  have  been  evaluated  or  de¬ 
veloped  by  Dornier.  The  TSP-methods  are  highly  improved  by  the  mass-flux  formulation  [13]  even  for  thick 
airfoils  and  have  demonstrated  its  usefulness  in  as  much  as  analysis  and  mixed  analysis/design  problems 
can  be  solved  including  viscous  effects  based  on  the  displacement  thickness  as  well  as  unsteady  transonic 
flow  for  flutter  prediction  [14].  Flow  time  as  well  as  computer  costs  are  fairly  small.  The  full  poten¬ 
tial  methods  are  superior  at  high  angle  of  attack  and  for  analysis/design  in  the  leading  edge  region.  Ja¬ 
meson's  FL06  [15]  has  proven  to  be  very  accurate  and  fast  due  to  his  fast  solver  but  is  lacking  flexibi¬ 
lity  due  to  the  circle  plane  mapping  involved.  There  is  some  indication  that  the  finite  volume  techniques 
like  the  flux  finite  element  method  [16]  for  the  full  potential  equation  or  the  quasi-time  dependent 
method  [17]  for  the  Euler  eq.  are  the  more  interesting  ones  as  far  as  the  engineering  environment  to  sup¬ 
port  and  guide  a  design  process  is  concerned.  An  advantage  of  tne  finite  volume  Euler  method  is  the  accu¬ 
racy  over  the  whole  speed  regime  from  subsonic  to  supersonic  free  stream  Mach  numbers  even  for  flows  with 
strong  shocks. 

A  finite  volume  method  for  the  solution  of  the  two-dimensional  time  -  averaged  Navier  Stokes  equations  is 
under  development  at  Dornier  [18]  but  more  work  has  to  be  done  to  make  it  useful  for  practical  design. 


Two-Dimensional/Axisymmetric  Methods  for  Transonic  Inlet  Flow  Fields 

Two  different  methods  are  being  used  at  Dornier,  one  developed  at  Saab  [19]  to  compute  the  transonic  flow 
around  axisymmetric  inlets  for  a  prescribed  mass  flow  ratio.  The  inlet  consists  of  an  initial  part  of  ar¬ 
bitrary  geometry  which  is  continued  to  downstream  infinity  as  a  straight  circular  tube.  With  a  sequence 
of  conformal  mappings  and  a  final  coordinate  stretching  the  whole  exterior  and  interior  flow  field  is 
mapped  to  a  rectangular  domain  in  which  the  full  potential  equation  is  solved  using  type-dependent  line- 
relaxation.  The  second  one  is  the  Dornier-developed  finite  volume  method  for  calculating  axisymmetric  and 
plane  pitot-type  inlet  flow  fields  at  supersonic  free  stream  Mach  numbers  [20] .  This  second  order  accurate 
time  dependent  method  solves  the  Euler  equations  in  integral  conservation-law  form.  The  equations  are 
written  with  respect  to  a  cartesian  coordinate  system  in  which  a  body  and  bow  shock  fitted  mesh  adjusts 
in  time  to  the  motion  of  the  bow  shock  that  is  automatically  captured  as  part  of  the  weak  solution.  At 
the  compressor  entrance  plane  Inside  the  cowl  static  pressure  is  prescribed  as  subsonic  boundary  condition. 
The  method  can  treat  arbitrary  lip  shapes  and  is  presently  being  extended  to  a  threedimensional  version. 
The  Integration  of  the  pressure  distribution  from  the  inlet  throat  to  the  crest  will  provide  valuable  data 
for  the  drag  estimation  as  long  as  no  large  viscous  effects  are  apparent. 
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Three-Dimensional  Iransonic  Potential  Flow  Methods 

Several  three-dimensional  transonic  potential  flow  methods  have  been  developed,  by  various  organizations, 
which  are  able  to'.Analyze  either  isolated  wing  or  wing-body  combinations  [2X],  [22],  [23],  [24],  [25],  [26]. 
Evaluation  of  the  methods  developed  at  Cornier  [22],  [24],  [26],  and  a  Oomier  version  of  FL022  Indicate 
that  the  three-dimensional  Cornier  TSP-MF  method  based  on  the  mass  flux  concept  is  a  useful  design  tool,  in 
as  much  as  arbitrary  fuselage  shapes  can  be  modeled,  analysis  as  well  as  mixed  analys/design  problems  can 
be  solved,  shock  strength  as  well  as  positions  are  well  predicted,  and  the  low  computer  cost  in  combination 
with  the  highly  automated  input  provide  the  basis  for  a  method  to  be  used  in  the  engineering  environment. 

On  the  other  hand  the  lack  of  dense  mesh  spacing  in  the  nose  region  imply  further  Improvements  by  use  of 
grid  embedding.  FL022  quite  often  is  giving  fairly  good  agreement  with  experimental  results,  but  it  should 
be  kept  in  mind  that  this  method  is  not  conservative  and  neither  does  give  correct  drag  data  nor  correct 
Viscous  results  if  a  boundary  layer  method  is  coupled.  The  detailed  two-dimensional  studies  Indicated  that 
the  approach  of  using  finite  volume  techniques  to  solve  either  the  full  potential  equation  or  the  Euler 
equations  are  the  most  promising  ones  for  complex  three-dimensional  flow  computations.  Pilot  codes  on  both 
approaches  have  been  nearly  completed  [27],  [28]. 


Three-Dimensional  Supersonic  Potential  Flow  Method  for  Arbitrary  Configurations 

The  computational  method  of  [29]  has  been  modified  and  improved  at  Dornier  [30]  to  treat  very  complex 
three-dimensional  complete  aircraft  configurations  at  supersonic  speed.  This  is  a  linear  method  solving 
the  linear  supersonic  potential  equation  satisfying  exact  boundary  conditions  on  bodies  and  linearized 
boundary  conditions  on  wings.  In  this  approach  the  velocity  potential  at  any  point  in  a  flow  field  is  ex¬ 
pressed  in  terms  of  the  induced  effects  of  source  and  vortex  sheets  distributed  on  the  boundary  surfaces. 
The  configuration  surfaces  are  divided  into  panels.  This  method  is  ideally  suited  for  analyzing  complex 
aircraft  configurations  in  supersonic  flow  as  long  as  wing  thickness  effects  can  be  treated  in  a  linearized 
manner. 


Three-Dimensional  Supersonic  Machbox  Method  for  Arbitrary  Wings 

A  method  based  on  supersonic  linear  potential  theory  within  a  Mach-box  scheme  has  been  developed  at  Dornier 
that  can  be  applied  to  the  combined  analysis,  design,  and  drag  optimization  for  thickness  and/or  camber 
distribution  of  three-dimensional  wings  of  arbitrary  planform  [31].  This  is  a  linear  method  satisfying  thin 
wing  boundary  conditions  on  the  wing  surface  for  either  camber  or  thickness,  respectively  given  pressure 
distributions.  The  optimization  process  [32]  utilize  the  method  of  Lagrange  multipliers  for  given  modes  of 
camber/twist  or  thickness.  Its  ease  of  use,  very  high  computational  speed,  and  design  capability  make  It 
particularly  valuable  in  evaluating  design  variations,  arriving  at  optimized  configurations,  and  designing 
new  wing  camber  surface  shapes. 


Aerodynamic  Design  and  Analysis  System  for  Supersonic  Aircraft 

An  Improved  integrated  system  of  computer  programs  has  been  installed  at  Dornier  [33],  [34]  for  the  design 
and  analysis  of  supersonic  configurations.  The  system  uses  linearized  theory  methods  for  the  calculation  of 
surface  pressures  and  supersonic  area  rule  concepts  in  combination  with  linearized  theory  for  calculation 
of  aerodynamic  force  coefficients.  To  complete  the  supersonic  area  rule  program  a  near-field  (thickness 
pressure)  wave  drag  program  is  included.  To  end  up  with  realistic  wing  design,  the  fuselage  is  modeled  in 
the  lifting  surface  programs  and  the  addition  of  configuration-dependent  loadings  in  the  design  program 
allow  for  a  wing  design  in  the  presence  of  fuselage  and  nacelle  effects.  Additional  limiting  pressure  terms 
in  the  lifting  pressure  programs  constrain  the  linear  theory  solution.  The  methods  are  characterized  by 
their  reliability  in  use  and  input  simplicity,  thus  providing  an  integrated  system  for  supersonic  design 
and  analysis  of  complete  aircraft  configurations,  with  recognition  of  the  need  for  constraints  on  linear 
theory  methods  to  provide  physical  realism,  and  with  inclusion  of  interactive  display  for  increased  design 
control  over  optimization  cycles. 


Three-Dimensional  Bondary  Layer  Method 

A  three-dimensional  boundary  layer  method  has  been  developed  at  Dornier  that  can  analyse  either  laminar  or 
turbulent  compressible  flows  on  finite  swept  wings  and  bodies  [35],  [36].  Three-dimensional  laminar  or  tur¬ 
bulent,  compressible,  adiabatic  boundary  layers  are  computed  in  curvilinear  othogonal  or  nonorthogonal  co¬ 
ordinates. 

The  laminar  method  is  not  restricted  to  small  cross  flows.  For  the  evaluation  of  the  integral  thicknesses 
one  parameter  velocity  profiles  for  the  main  stream  direction  and  two  parameter  velocity  profiles  for  the 
cross-flow  direction  are  used.  The  one  parameter  profile  family  is  based  on  the  similar  solutions  of  the 
boundary  layer  equations,  the  two  parameter  profile  family  results  from  a  polynomial  expression,  where  no 
boundary  conditions  of  the  Pohlhausen  type  (direct  relation  to  gradients  of  flow  properties  at  the  outer 
edge  of  the  boundary  layer  (compatibility  condition})  are  applied.  The  x-  und  y-momentum  and  the  x-  and  y-mo- 
ment  of  momentum  integral  equations  are  used  for  the  solution.  Only  for  the  case  of  orthogonal  coordinates 
1st  order  moment  of  momentum  equations  are  Introduced.  They  result  from  the  x-  and  y-momentum  equations, 
which  are  multiplied  by  the  velocity  components  u  and  v, respectively  before  the  integration.  For  non-ortho- 
gonal  coordinates  1st  order  moment  of  momentum  equations  do  not  produce  solutions  even  when  multiplying  the 
momentum  equations  by  linear  combinations  of  the  velocity  components  u  and  v.  For  curvilinear,  non  orthogonal 
coordinates  2nd  order  moment  of  momentum  equations  are  developed,  where  the  multiplication  is  done  by  the 
square  of  the  resultant  velocity  U.  Since  these  equations  are  much  more  complicated,  the  1st  order  equations, 
which  concern  only  the  orthogonal  case,  are  used  for  these  problems. 
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The  turbulent  integral  method  has  been  developed  at  Dornier  on  the  basis  of  [37).  The  streamwise  profiles 
are  represented  by  power  law  profiles,  the  cross-flow  profiles  by  Mager  or  Johnston  profiles.  The  Ludwieg- 
Tillmann  relation  is  used  for  the  skin  friction  description.  The  influence  of  compressibility  is  accounted 
for  by  applying  Eckert's  reference  temperature  concept.  The  equations  finally  solved  are  the  x-  and  y-mo- 
mentum  equation  and  the  entrainment  equation  (equilibrium  entrainment).  To  provide  for  non-equilibrium  en¬ 
trainment  lag  entrainment  has  been  included.  Both  methods  have  been  tested  extensively  against  finite  dif¬ 
ference  methods,  other  integral  methods  and  experimental  results  and  have  proven  to  be  very  reliable  and 
fast  tools. 

To  provide  the  inviscid  outer  flow  field  as  output  to  the  boundary  layer  program.  Interface  programs  are 
used  to  transfer  the  corresponding  data  from  the  inviscid  method  to  the  boundary  layer  program  and  vice 
versa.  The  inclusion  of  boundary  layer  technique  into  the  analysis  of  transport  and  fighter  aircraft  de¬ 
sign  provides  for  a  better  representation  of  the  real  flow  field  for  determining  wing  pressures,  but  also 
enables  more  accurate  drag  estimates  to  be  made  as  well  as  estimates  of  maneuver-boundaries. 


APPLICATION  OF  METHODS 
Subsonic  Panel  t'ethods 


Panel  aerodynamic  methods  have  been  used  at  Dornier  since  1971.  During  this  time  period,  the  panel  method 
has  been  validated  as  a  very  reliable  tool  in  predicting  the  aerodynamic  characteristics  of  airplanes  ope¬ 
rating  at  subcritical  Mach  numbers.  One  interesting  example  of  its  use  has  been  on  the  initial  design  phase 
of  the  Alpha  Jet  [1].  A  typical  example  showing  isobars  is  depicted  in  Fig.  1.  In  this  example,  main  empha¬ 
sis  has  been  given  to  the  design  of  the  channel  between  the  wing  lower  surface  ,  the  body  side  and  the  en¬ 
gine  inlet. 

The  panel  methods  can  also  be  used  to  study  the  mutual  interference  between  different  components  inclu¬ 
ding  the  engine  inlet  for  different  engine  conditions.  Panel  arrangement  and  results  in  comparison  with 
wind  tunnel  experiments  are  portrayed  in  Fig.  2. 

Such  results  provide  very  accurate  information  for  local  design  modifications,  while  only  final  selected 
ones  are  tested  in  the  wind  tunnel  to  verify  predictions. 


Vortex  Lattice  Methods 


Vortex  lattice  methods  are  very  easy  to  handle  and  fast  tools  for  design  studies  not  only  for  simple  wing 
shapes, but  also  for  winglets,  high  lift  devices,  wind  tunnel  wall  interference,  shrouded  propellers,  jet 
effects  and  wing-wing  interference  problems.  They  provide  not  only  accurate  lift  and  moment  curves,  but 
also  very  good  induced  drag  results.  This  method  has  been  used  extensively  at  Dornier  for  linear  flow  pro¬ 
blems,  while  the  use  in  nonlinear  aerodynamics  is  fairly  new.  As  shown  in  Fig.  3  the  vortex- lattice  method 
in  combination  with  Polhamus-Analogy  is  a  very  reliable  tool  to  predict  the  nonlinear  flow  behaviour  caused 
by  leading  edge  separation  [6).  The  deviations  in  the  moment  curve  for  small,  resp.  negative  lift  is  due  to 
deficiencies  in  the  body  description.  For  modern  fighter  design  with  wings  of  large  sweep  this  method  plays 
an  important  role  in  wing  as  well  as  maneuver  flap  design. 


Multi-Element  Airfoil  Analysis/Uesign 

The  performance  of  mechanical  high-lift  devices  is  of  increasing  importance  for  the  overall  economy  and 
operational  efficiency  of  all  types  of  aircraft.  The  use  of  such  devices  for  combat  aircraft  at  transonic 
speed  offers  the  chance  of  greatly  enhancing  maneuvering  capabilities  without  affecting  cruise  performance. 
Climb  and  turn  rates  of  existing  modern  fighters  at  transonic  speed  are  remarkably  improved  by  the  use 
of  slats  and  flaps,  although  these  configurations  have  not  been  optimized  as  such  devices. 

At  low  speed  such  devices  can  be  efficiently  designed  by  means  of  numerical  methods  and  a  lot  of  available 
experimental  data.  At  transonic  speed,  however  we  are  lacking  experimental  data  for  airfoils  with  slats 
and  flaps  to  establish  a  data  base.  Extensive  wind  tunnel  testing  on  such  airfoil  systems  is  highly  costly 
due  to  the  large  number  of  parameters  and  at  transonic  speed  no  simple  interpolation  in  a  data  base  is  pos¬ 
sible.  Only  since  recently  transonic  viscous  analysis/design  methods  are  in  use  for  configuration  studies 
and  improvements.  In  Fig.  4  results  are  depicted  for  an  airfoil/slat  configuration  with  upper  slat  surface 
and  main  airfoil  shape  plus  lower  surface  slat  pressure  distribution  as  Input.  The  results  for  this  mixed 
analyses/design  mode  run  agree  very  well  with  the  experimental  data  and  indicate  clearly  the  large  separated 
region  on  the  lower  slat  surfaces.  This  mode  can  be  used  not  only  to  understand  the  flow  field  characteristics 
of  existing  slats  or  flaps,  but  also  to  efficiently  redesign  configurations  to  avoid  separation.  Fig.  5 
indicates  a  redesign  process  for  the  slat  lower  surface  to  a  NACA  64A010  airfoil  section. 

For  analysis  problems  viscous  effects  have  to  be  Included  not  only  by  means  of  laminar  and  turbulent  boun¬ 
dary  layers,  but  also  short  and  long  separation  bubbles,  confluent  boundary  layers  and  trailing  edge  se¬ 
paration.  The  present  system  of  codes  for  viscous  transonic  two-element  airfoil  analysis  has  been  success¬ 
fully  applied  to  simulate  the  flow  field  around  the  Do-A4  airfoil  with  a  slat  or  flap.  In  Fig.  6  and  7 
results  are  compared  with  the  experimental  data.  The  computed  pressures  agree  fairly  well  with  the  experi¬ 
mental  ones,  even  for  cases  with  large  separated  regions  where  viscous  effects  completely  dominate.  Since 
such  numerical  simulations  are  rather  fast  and  inexpensive,  it  is  obvious  that  such  computational  methods 
are  useful  tools  for  designers  looking  for  efficient  high  lift  and  maneuver  devices.  The  design  time  as  well 
as  cost  can  be  much  reduced  by  using  such  numerical  results. 
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Transonic  Airfoil /Cascade  Analysis/Design 

The  validation  of  two-dimensional  transonic  potential  flow  methods  Is  almost  established  by  numerous  super¬ 
critical  airfoil  designs  based  on  CFD  methods.  Fig.  8  shows  computed  versus  measured  pressure  distribu¬ 
tions  for  the  Dornier  A-l  12  t  thick  airfo11tv1scous  as  well  as  wall  effects  in  the  computations  Inclu¬ 
ded  [11].  The  result  clearly  Indicates  the  Importance  of  boundary  layer  effects  even  In  the  design  region. 
Although  design  as  well  as  analysis  of  this  section  have  been  done  using  TSP,  we  are  aware  of  the  limita¬ 
tions  of  TSP-methods.  However,  as  depicted  in  Fig.  9,  the  type  of  numerical  method,  especially  conserva¬ 
tion  of  mass,  can  have  stronger  influence  on  the  results  than  the  TSP-assumptlons.  Therefore,  more  recent 
studies  led  to  the  development  of  a  two-dimensional  flux-finite  element  method  for  the  full  potential  equa¬ 
tion  which  at  present  only  has  been  verified  for  the  analysis/design  of  cascades  [16],  see  Fig.  10,  and  to 
a  finite  volume  method  to  solve  the  quasi  time-dependent  Euler  equations  around  airfoils  [IT]  as  shown  In 
Fig.  11.  For  comparison,  also  the  results  of  Essers  are  included  [43]. 


Both  methods  are  very  general  in  their  application  to  arbitrary  configuration  shapes  and  nonorthogonal  mesh 
systems.  While  the  FFEM-method  is  very  fast  (0.15  ms  per  iteration  and  mesh  point  IBM  370/158),  the  finite 
volume  method  (O.B.  ms)  is  best  suited  to  produce  datura  solutions  and  accurate  results  for  strong  stocks 
which  lie  beyond  the  isentropic  assumptions.  Since  transonic  flow  phenomena  do  not  only  play  an  important 
role  in  aerodynamic  design,  but  also  in  flutter  analysis,  the  Dornier-TSP  method  has  been  extended  to  treat 
harmonically  oscillating  airfoils  [14].  The  comparison  in  Fig.  12  Indicates  fair  agreement  with  other  tran¬ 
sonic  methods  as  well  as  experimental  data.  However,  more  work  has  to  be  done  here  to  include  viscous  effects 
and  nonlinear  effects  which  imply  the  use  of  more  complete  unsteady  equations. 


Transonic  Inlet  Analysis 

The  efficiency  of  modern  transonic  and  supersonic  aircraft  to  quite  a  large  extent  depends  on  the  recom¬ 
pression  characteristics  and  the  avoidance  of  separation  causing  distortion.  Experience  has 
proven  pitot-type  inlets  to  be  well  suited  to  design  criterion  at  supersonic  as  well  as  subsonic  and 
transonic  speed  .  For  the  investigation  of  such  types  of  flow  fields  with  subsonic  free  stream  Mach  num¬ 
bers  Dornier  has  adapted  Arlingerrs  method  for  axisymmetric  inlets  [19].  A  typical  result  with  good  agree¬ 
ment  is  shown  in  Fig.  13.  Although  this  method  gives  very  accurate  results,  it  lacks  the  generality  for 
extensions  to  threedimensional  configurations.  Since  the  study  of  pitot-inlets  at  supersonic  free  stream 
raises  some  questions  about  the  disregard  of  total  pressure  losses  due  to  shocks  in  methods  using  the  po¬ 
tential  equation,  Oornier  decided  to  develop  its  own  method  based  on  the  numerical  solution  of  the  full 
Euler  equations.  First  results  of  the  plane  and  axisynmetric  version  of  this  finite  volume  method  [20] 
are  portrayed  in  Fig.  14.  Fair  agreement  is  reached  for  the  fairly  low  supersonic  Mach  number  with  Arlin- 
gers  supersonic  version  as  well  as  experimental  data.  Unfortunately  we  are  lacking  experimental  data  for 
a  detailed  evaluation  at  higher  Mach  numbers.  For  application  in  realistic  aerodynamic  design  studies  for 
fighters  a  three-dimensional  version  of  the  finite  volume  method  is  in  development.  For  final  flow  simulations 
the  corresponding  viscous  codes  will  be  coupled. 


Transonic  Wing/Winq-Body  Analysis 

The  validation  of  threedimensional  transonic  potential  flow  methods  has  been  reported  recently  in  several 
papers,  e.g.  see  References  24,  26,  38,  39  and  40,  to  name  a  few.  During  the  application  of  the  TSP-MF 
method  for  analysis  as  well  as  design  case  studies  it  was  found,  that  the  method  is  well  suited  to  meet 
the  requirements  of  engineering  in  as  much  as  the  code  is  fast  (0.14  ms  per  iteration  and  grid  point), 
designed  for  interactive  treatment  and  very  general  in  its  use  as  depicted  in  Fig.  15. 

For  final  results  the  full  potential  loop  can  be  used  to  ensure  no  major  errors  due  to  TSP-assumptions.  How¬ 
ever,  this  code  is  suffering  from  its  orthogonal  grid  system  in  as  much  as  the  leading  edge  representation 
for  swept  wings  is  poor  as  long  as  no  extremly  fine  grid  systems  are  used.  The  Figures  16-21  show  some  of 
the  results  for  validation  of  the  method  for  a  wide  range  of  configurations.  Relatively  thick  large  aspect 
ratio  wings  as  well  as  moderate  aspect  ratio  fighter  wings  with  complex  fuselage  shape  have  been  designed 
or  analysed  before  The  wind  tunnel  test  became  available. 

For  fighter  configurations  with  complex  bodies  the  deviations  at  higher  Mach  numbers  don't  seem  to  be  to 
TSP  assumptions  rather  than  inadequate  fuselage  modelling.  Full  potential  FL02-2  computations  for  the  wing 
alone  did  not  improve  the  agreement. 

For  transport  type  configurations  in  analysis  (Fig.  18)  as  well  as  mixed  analysis/design  (Fig.  17)  mode 
the  method  proved  to  be  very  reliable,  but  is  suffering  from  the  poor  leading  edge  description.  However, 
the  basic  character  of  the  pressure  distribution  and  the  shock  position  and  strength  is  fairly  well  pre¬ 
dicted.  Fig.  19  clearly  indicates  the  Insensitivity  of  the  pressure  distribution  against  mesh  spacing  ex¬ 
cept  in  the  nose  region.  The  configuration  is  discussed  in  detail  in  [40]. 

Even  for  the  very  coarse  10  t  grid  (first  mesh  point  on  the  wing  at  10  %  chord,  five  points  at  the  wing 
tip  section)  the  pressures  indicate  the  correct  distribution.  The  present  development  stage  of  this 
method  is  to  include  grid-embedding  to  improve  its  capabilities  in  the  nose  region. 

The  PT-7  configuration  shown  on  Figure  20  has  betn  a  design  case  study  [24]  testing  extensively  the  mixed 
mode  capabilities  of  the  TSP-method. 


Since  two-dimensional  experience  has  indicated  the  large  influence  of  the  viscous  effects,  also  in  three-di¬ 
mensional  flows  the  viscous  displacement  thickness  effect  of  the  three-dimensional  boundary  layer  over  the 
wing  has  to  be  taken  into  account  in  order  to  produce  accurate  performance  characteristics.  The  coupling  of 
the  three-dimensional  boundary  layer  integral  methods  [35],  [36]  with  inviscid  potential  flow  programs  pro¬ 
vides  the  capability  for  better  wing  design,  for  diagnosis  of  specific  wing  design  problems,  and  for  evalua¬ 
ting  the  wing  performance  beyond  the  Reynolds  number  range  of  present  wind  tunnels.  Since  the  boundary  layer 
program  allows  for  arbitrary,  even  nonorthogonal  coordinate  systems,  no  special  interface  programs  are  needed 
to  convert  grid  systems.  Only  corresponding  data  handling  in  the  inviscid  method  coordinate  system  is  needed. 
Thereby  it  is  possible  to  cycle  several  times  between  viscous  and  inviscid  programs.  In  Fig.  20  the  changes 
in  pressure  distribution  corresponding  to  the  number  of  Iteration  cycles  is  portrayed.  It  has  been  found 
that  a  number  of  cycles  between  the  transonic  potential  flow  program  and  the  boundary  layer  code  is  neces¬ 
sary  to  achieve  a  satisfactory  converged  solution,  i.e. ,  until  the  pressure  distribution  and  the  boundary 
layer  displacement  thickness  6*  do  not  change  significantly  between  cycles.  The  general  trends  of  the  mea¬ 
sured  pressure  distributions  are  matched  by  the  theory.  However,  a  finer  mesh  would  improve  the  agreement 
in  the  nose  as  well  as  shock  region.  In  Fig.  21  the  corresponding  changes  in  displacement  thickness  for 
section  2  and  the  variation  of  the  computed  separation  line  are  shown.  It  is  clearly  indicated  that  a  boun¬ 
dary  layer  method  within  this  cycle  has  to  be  able  to  treat  separated  regions  since  the  fully  inviscid  ini¬ 
tial  solution  might  exhibit  relatively  large  partial  separation  although  the  final  converged  viscous  solu¬ 
tion  is  almost  free  of  separated  regions.  For  completeness,  the  spanwise  lift  distribution  and  the  compu¬ 
ted  dragrise  curve  are  also  included.  Measured  and  calculated  dragrise  compare  reasonably  well.  The  capability 
of  estimating  the  spanwise  variation  of  wing  drag  components,  lift  distribution  and  separation,  identifies 
the  critical  wing  design  regions  and  allows  for  proper  wing  modification  with  reasonable  assurance  of  suc¬ 
cess. 


Supersonic  Panel  Method 

Supersonic  panel  methods  based  on  Woodwards  work  have  been  used  at  Dornier  since  1968  for  quite  different  pur¬ 
poses.  The  possibly  most  complex  configuration  ever  tested  using  a  supersonic  panel  method  has  been  the  DORNIER 
fighter  configuration  “Rautenflugel"  depicted  in  Figure  22.  To  evaluate  the  supersonic  performance  of  such  a 
configuration  interference  problems  as  well  as  lift,  drag  and  moment  behaviour  have  been  studied  extensively 
[41].  In  Fig.  23  some  typical  results  are  shown  in  comparison  with  windtunnel  test  data.  Measured  and  calcu¬ 
lated  data  compare  reasonably  well  In  the  linear  angle  of  attack  range.  However,  this  panel  method  is  suffering 
from  the  thin  wing  approximation  since  no  separate  studies  of  upper  or  lower  surface  effects  are  possible. 


Supersonic  Mach-Box  Method 

This  linear  supersonic  wing  method  has  been  initially  developed  at  Dornier  in  1967  and  has  been  validated 
through  extensive  computations  for  wings  with  and  without  twist  and  camber,  different  thickness  distribu¬ 
tions,  and  for  wings  with  flaps.  More  recently  it  has  been  coupled  to  a  numerical  optimization  procedure 
via  Lagrange  multipliers  [32].  Providing  a  set  of  camber/twist  distributions,  each  of  which  easy  to  manu¬ 
facture,  the  program  is  looking  for  that  combination  of  the  different  shape  modes  which  provides  minimum 
drag  for  given  constraints  on  lift,  moment.  Fig.  24  depicts  a  typical  result  of  su  '  an  optimization. 

A  similar  procedure  can  be  used  for  the  optimum  thickness  distribution  design  with  respect  to  wave  drag  of 
wings. 


Supersonic  Analysis/Design  System 

While  in  the  preceeding  chapters  only  the  verification  of  single  computer  codes  has  been  described,  this  system 
is  a  set  up  of  a  lot  of  different  programs.  It  provides  not  only  single  information  on  part  of  the  configura¬ 
tion  but  also  total  configuration  data.  Fig.  25  shows  the  build  -  up  0f  the  system  and  the  different  approaches 
used.  Presently  this  method  is  being  used  at  Dornier  for  extensive  supersonic  performance  studies,  an  example 
of  which  is  portrayed  in  Fig.  26.  This  numerical  tool  is  of  great  value  for  design  engineers  since  it  allows 
for  modifications  and  optimizations  within  very  short  time  cycles. 


Three-Dimensional  Boundary  Layers 

The  threedimensional  boundary  layer  development  greatly  Influences  the  performance  of  subsonic  and  transonic 
aircraft.  While  the  use  of  boundary  layer  method  to  study  wing  characteristics  has  become  quite  popular,  e.g. 
[35],  [38],  [39],  only  a  few  items  are  known  for  three-dimensional  body  analysis.  Through  its  validation  the 
Dornier  method  [36],  [42]  has  been  extensively  tested  for  flows  over  ellipsoids  at  angle  of  attack.  Fig.  27 
portrayes  some  of  the  results  for  an  axis-ratio  8  ellipsoid. 

Separation  line  pattern  over  the  whole  range  of  incidence  agree  well  with  those  predicted  by  the  finite  dif¬ 
ference  method  of  Geissler  and  even  the  shear  stress  at  the  wall  compares  very  well  with  that  measured  by 
DFVLR  or  computed  by  Cebeci's  FD  method. 


However,  more  work  has  to  be  done  to  combine  this  method  with  inviscid  programs  in  order  to  study  separation 
and  vortex  shedding  from  bodies. 
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Numerical  Wind  funnel  Simulation 


Surprisingly  only  a  few  contributions  are  known  of  studying  the  Implications  of  present  or  future  wind  tunnel 
concepts  by  means  of  numerical  flow  simulation,  although  panel  methods  and  the  existing  transonic  codes  are 
well  suited  to  such  studies.  Adaptive  wall  concepts,  Incomplete  adaption,  cryogenic  concepts,  and  even  vail 
corrections  for  existing  tunnels  can  be  simulated  qualitatively  with  present  methods  fairly  Inexpensive. 

Fig.  28  and  29  portray  two  of  the  different  applications  being  done  at  Dornier  in  the  past.  Fig.  28  is  con¬ 
cerned  with  the  complexity  of  three-dimensional  adaptive  wall  concepts  by  showing  the  necessary  wall  de¬ 
flection  or  porosity  to  simulate  infinite  wall  conditions.  Fig.  29  depicts  the  influence  of  cryogenic  nitro¬ 
gen  on  the  shock  wave-boundary  layer  interaction  as  test  case  for  cryogenic  wind  tunnels.  A  lot  or  other  appli¬ 
cations  can  be  thought  of  to  improve  the  use  of  existing  wind  tunnels. 


Concluding  Remarks 

The  significant  advances  that  have  been  made  in  computational  fluid  mechanics  are  having  considerable  im¬ 
pact  on  the  aerodynamic  design  process.  Subsonic  and  supersonic  panel  methods,  when  used  within  their  limits 
of  application,  provide  valuable  insight  into  complex  flow  fields,  guidance  for  achieving  Integrated  designs, 
and  ability  to  explore  innovative  configuration  designs.  The  use  of  these  methods  can  substantially  increase 
airplane  performance  capabilities.  The  integrated  computer  program  systems  to  analyse  transonic,  viscous  flows 
over  airfoils,  two-element  airfoil  systems  and  wings  and  wing-body  combinations  for  transport  as  well  as  fighter 
aircraft  have  emerged  as  a  very  Important  tool  to  support  the  wing  design  process,  and  to  support  diagnostic 
investigation  of  the  aircraft  performance. 

Rewarding  as  the  accomplishments  in  computational  aerodynamic  design  have  been,  much  work  remains  yet  to  be 
done.  The  three-dimensional  transonic  inviscid  flow  methods  need  to  be  generalized  to  include  the  complete 
configuration  and  to  greatly  simplify  the  user's  input  and  output  data  manipulation  and  reduce  computer  as 
well  as  man  costs.  The  three-dimensional  boundary  layer  method  needs  to  be  enhanced  to  include  the  fuselage, 
to  handle  surface  intersection  problems,  and  to  analyse  separated  flows.  Most  work  has  been  towards  better 
numerical  methods  at  design  conditions  of  modern  aircraft.  However,  off  design  is  limiting  the  capabilities 
of  real  configurations.  A  lot  of  work  in  CFO  and  experiments  has  to  be  done  to  understand  those  phenomena 
causing  maneuver  boundaries.  This  will  imply  more  work  on  unsteady  time-accurate  flow  simulations. 

However,  all  integrated  systems  of  computer  programs  are  only  operational  as  design  tools  within  the  project 
engineering  area,  if  the  easy  preparation  of  input  data,  the  visibility  of  output,  the  flow  time  required  to 
get  final  results,  and  the  computer  costs  of  running  these  methods  are  highly  improved.  If  these  enhancements 
are  not  included,  we  may  never  experience  the  use  of  numerical  simulation  and  reduced  reliance  on  the  wind 
tunnel  in  airplane  design  as  many  computer  experts  suggest  and  the  basic  capabilities  of  modern  methods  pro¬ 
mise. 
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Figure  1:  Computed  Isobars  on  Alpha-Jet 
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Figure  2:  Subsonic  Engine-Inlet 
Integration 
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Figure  3:  Analysis  of  Configuration  with 
Leading  Edge  Separation 


‘■PA 

Y 


XSLAT  BEC-C 
TO  DO-A4 

\  M-*0JS 
^  \  “CALC*”’ 


t  SLAT  TO  NACA  64AO» 

Mm *0.65,  a»A‘ 

_  ♦  I  *  □  ORffiMAL 

CpT  ro  ,  I  -4-  PRESSURE 


SURE  MOOnCMUN 


wy?  . 


4  EXPERIMENTS,  Ct«6* 

—  INITIAL  PRESSURE  AND  SHAPE 

-  PRESCRIBED  PRESSURE 

MODIFICATION 

•  pressure]  inverse  mode 


—  SHAPE 


RESULTS 


Figure  4:  Slat  Separation  Determined  by  Mixed 
Analysis/Design  Mode  Runs 
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Figure  5:  Redesign  Process  for  Slat  Lower  Surface 
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Figure  6:  Analysis  of  Separation  on  SI  at/ Air¬ 
foil  Configuration  by  Viscous  Mode  Runs 
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Figure  7:  Analysis  of  Flep/Airfoil  Configuration 
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Figure  8:  Influence  of  Viscosity  and  Wind 
Tunnel  Walls  on  Transonic  Airfoil 
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Figure  11:  Transonic  Flows  with  Strong  Shocks 
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Figure  9:  Inviscid  Transonic  Flow  Simulation  Errors 
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Figure  22:  Oornler  RautenflUgel  Configuration 
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INTEGRATED  SUPERSONIC  DESI6N  AND  ANALYSIS  SYSTEM 


Figure  25:  Interactive  Analysis/Design  System 
for  Supersonic  Configurations 
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Figure  27:  Laminar  Boundary  Layer  on  an  Inclined 
Ellipsoid 


Figure  28:  Numerical  Simulation  of  Adaptive  Halls 
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SUMMARY 


NASTRAN1 (NASA  STRuctural  ANalysls)  Is  a  large,  general  purpose,  finite  element  com¬ 
puter  program.  Since  Level  12,  the  first  public  release  of  the  program  In  1970,  NASTRAN 
has  been  maintained  as  a  state-of-the-art  computer  program  by  the  NASTRAN  Systems  Manage¬ 
ment  Office  (NSMO)  at  NASA's  Langley  Research  Center  In  Hampton,  Virginia.  NSMO  Is  re¬ 
sponsible  for  maintaining  NASTRAN  as  state-of-the-art  on  three  computer  systems  (IBM, 

CDC,  and  UNIVAC)  with  respect  to  both  finite  element  and  computer  technology.  There  are 
four  primary  areas  involved  in  a  good  maintenance  effort:  (1)  error  correction,  (2)  In¬ 
corporation  of  advances  in  technology,  (3)  documentation,  and  (4)  new  level  generation. 
The  complexity  of  the  maintenance  effort  Is  compounded  by  the  sizes  of  the  program  (400, 
000  lines  of  code)  and  the  documentation  (7000  pages  divided  into  seven  manuals).  This 
paper  describes  the  areas  of  the  maintenance  effort  in  detail  and  offers  some  suggestions 
for  reducing  the  complexity  of  maintaining  a  large  computer  program. 


1.  INTRODUCTION 


NASTRAN1  (NASA  STRuctural  ANalysls)  is  a  large,  general  purpose,  finite  element  struc¬ 
tural  analysis  computer  program.  It  was  developed  under  NASA  sponsorship  during  the  peri¬ 
od  1965-1970,  at  a  cost  of  about  $3-5  million  and  initially  released  to  the  public  in  1970 
in  a  form  called  Level  12.  Prom  1970  through  early  1979,  NASTRAN  was  maintained  as  a  state- 
of-the-art  computer  program  by  a  contractor  under  the  guidance  of  the  NASTRAN  Systems  Man¬ 
agement  Office  (NSMO)  at  NASA  Langley  Research  Center,  Hampton,  Virginia.  The  purpose  of 
this  paper  is  to  describe  this  activity  and  discuss  features  of  the  software  maintenance 
work.  The  requirements  of  the  maintenance  activity  were  broad  because  of  the  size  and  gen¬ 
erality  of  the  computer  program  and  its  widespread  acceptance  and  use  in  the  U.S.  and  a- 
broad.  The  primary  aspects  of  this  maintenance  effort  were  error  correction,  addition 
of  new  capabilities,  documentation,  and  quality  assurance.  New  capabilities  were  added 
to  keep  the  program  up  to  the  state-of-the-art  with  advances  in  structural  technology  and 
computer  technology.  A  dominant  factor  in  the  total  activity  was  that  the  program  was 
maintained  operational  on  three  mainframe  computers  (CDC,  IBM,  UNIVAC).  Each  aspect  is 
discussed  in  detail  in  this  paper. 


2 .  OVERVIEW 


Growth  In  capabilities  and  size  of  the  NASTRAN  program  are  indicated  in  tables  1-6 
(ref.  1).  The  term  "Level"  refers  to  a  release  of  the  program)  that  is  significantly 
different  from  previous  releases  and  therefore  deserves  a  separate  identification  number. 
From  tables  1-6,  it  is  seen  that  engineering  capabilities  grew  from  13  to  23  analysis 
options  between  Levels  12  and  17*5  resulting  in  an  increase  in  the  size  of  the  program 
from  150,000  to  almost  400,000  source  statements.  Because  of  efficiency  Improvements, 
however.  Level  17. 5  shows  approximately  a  10  x  1  speed  increase  over  Level  12.  Documen¬ 
tation  has  grown  with  the  software — from  3700  pages  in  four  manuals  (Level  12)  to  over 
7000  pages  in  seven  manuals  (Level  17<5). 

The  use  of  NASTRAN  has  also  grown.  In  1970,  Level  12  was  released  to  approximately 
50  organizations  and  there  were  less  than  900  individual  users.  When  Level  17-5  was  re¬ 
leased  in  early  1979,  over  250  organizations  and  more  than  2600  individuals  were  using 
NASTRAN.  A  map  showing  the  sites  where  NASTRAN  is  in  use  in  the  U.S.  is  presented  in 
figure  1.  This  increased  usage  made  it  imperative  to  be  able  to  respond  promptly  when 
errors  were  found  or  new  capabilities  were  required. 


3.  ERROR  CORRECTION 


The  main  thrusts  of  the  error  correction  activity  were  to  make  the  public  aware  of 
all  known  errors  and  to  make  corrections  available  as  soon  as  possible.  NSMO  and  its 

1NASTRAN:  Registered  trademark  of  the  National  Aeronautics  and  Space  Administration 
(NASA),  Washington,  DC  20546. 
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maintenance  contractor  developed  an  efficient  error  reporting  and  correction  process  dia¬ 
grammed  in  figure  2 . 

A  problem  was  reported  to  NSMO  in  one  of  three  ways:  (1)  from  in-house  users  (NSMO 
or  the  maintenance- contractor) ,  (2)  by  mail,  or  (3)  through  the  Error  Correction  Infor¬ 
mation  System  (ECIS).  ECIS  is  discussed  in  detail  later  (also  see  ref.  2).  NSMO  deter¬ 
mined  (1)  if  the  problem  was  really  an  error,  (2)  if  the  user  had  made  a  mistake,  or 
(3)  if  the  problem  had  been  previously  reported  (Previously  Reported  Bug,  PRB) .  If  it 

was  a  user  mistake  or  a  PRB,  a  form  letter  (see  form  1  in  Appendix)  or  a  message  in  ECIS 

was  sent  to  the  user  describing  what  had  been  found.  If  the  problem  was  an  error  in 
NASTRAN,  a  Software  Problem  Report  (SPR)  as  shown  in  form  2  of  the  Appendix  was  filled 
out.  The  error  was  given  a  number  and  a  priority,  and  was  forwarded  to  the  maintenance 
contractor.  Priorities  ranged  from  0.0  to  5-0  in  increments  of  0.1.  In  general,  priori¬ 
ties  were  assigned  according  to  the  following  scheme: 

Priority  4-5  -  Program  gave  answers  that  appeared  to  be  correct,  but  were  not. 

Priority  3-4  -  A  correction  to  the  error  was  available,  or  program  gave 

obviously  wrong  answers. 

Priority  2-3  -  An  often  used  capability  was  not  working. 

Priority  1-2  -  An  avoidance  procedure  was  available. 

Priority  1-0  -  A  seldom  used  capability  was  not  working,  or  a  desired  new 
improvement  was  defined. 

A  priority  of  5-0  received  the  earliest  attention.  The  maintenance  contractor  first  at¬ 
tempted  to  find  a  temporary  fix;  that  is,  a  correction  the  user  could  apply  without 
modifying  the  code.  If  one  was  available,  it  was  included  with  the  letter  or  message  in 
ECIS  to  the  user.  Additional  information  such  as  dumps  or  listings  might  also  have  been 
requested  from  the  user.  All  known  information  about  the  error  was  then  entered  into 
ECIS.  An  SPR  log  was  also  maintained  containing  a  list  of  all  active  SPR’s  and  available 
corrections.  A  new  log  was  available  from  COSMIC  every  six  months  at  a  cost  of  $15. 

Once  the  maintenance  contractor  had  the  prioritized  SPR,  it  was  placed  into  a  queue 
according  to  priority.  Since  1969,  there  have  been  approximately  1500  errors  reported. 

Of  these,  only  212  remained  as  of  January  1979,  with  17  having  a  priority  greater  than 
4.0.  When  an  error  reached  the  top  of  the  queue,  the  maintenance  contractor  defined  the 
general  steps,  time,  and  money  needed  to  effect  a  correction,  and  finally  developed  the 
subroutine  changes  needed  for  the  correction.  Simultaneously,  all  required  documentation 
changes  were  initiated. 

When  an  error  was  corrected  and  verified  on  all  three  computers,  the  maintenance 
contractor  delivered  an  alter  form  (see  form  4  in  the  Appendix)  to  NSMO  along  with  veri¬ 
fication  listings.  NSMO  then  verified  that  the  reported  error  had  been  fixed  by  examining 
verification  listings  and  code  changes,  and  by  making  tests  using  known  solutions.  Al¬ 
though  this  effort  duplicated  some  of  that  done  by  the  maintenance  contractor,  It  was 
deemed  necessary  to  Insure  the  fix  was  correct.  After  NSMO  approved  the  correction,  the 
code  changes  were  placed  into  the  next  level  of  NASTRAN  being  readied  for  public  release. 

Since  new  levels  of  NASTRAN  were  released  to  the  public  on  the  average  of  once  every 
18  months,  it  was  sometimes  necessary  to  make  a  fix  more  readily  available  to  the  public 
or  a  particular  user.  This  more  rapid  release  was  accomplished  in  several  ways.  If  a 
user  desired  a  particular  correction,  a  copy  of  the  alter  form  which  contained  the  neces¬ 
sary  code  changes  was  sent  to  that  user.  Critical  errors  and  their  corrections  were  listed 
in  the  NASTRAN  Newsletter  which  was  published  about  once  every  six  months. 

The  description  of  the  error  and  its  correction,  when  available,  were  also  placed  in 
ECIS.  ECIS  was  a  data  base  management  system  consisting  of  two  data  bases.  The  first  data 
base  was  used  for  comments  to  and  from  users  reporting  SPR's.  It  was  accessed  (both  read 
and  write)  by  users  as  well  as  NSMO  and  the  maintenance  contractor  on  a  dally  basis.  Re¬ 
sponse  time  to  a  user  inquiry  was  usually  1-2  days.  The  second  data  base  contained  all 
error  information  and  corrections  pertinent  to  the  existing  public  release  level.  It  could 
also  be  accessed  both  by  users  (read  only),  and  by  NSMO  and  the  maintenance  contractor 
(read  and  write).  The  data  base  management  system  had  extensive  sorting  capabilities. 

Thus,  a  user  could  query  ECIS  and  receive  Information  concerning  only  the  SPR(s)  of  inter¬ 
est.  Users  could  see  all  new  errors  and  copy  any  fixes  that  were  available.  This  data 
base  was  updated  every  2-4  weeks,  depending  upon  the  level  of  the  error  reporting  and 
correction  activity. 

The  computer  cost  and  manpower  required  to  correct  an  error  vary  greatly  depending  on 
the  error.  Some  errors  involved  merely  changing  one  character  on  one  line,  while  others 
required  changing  several  subroutines .  Manhours  ranged  from  1-150  and  computer  costs 
ranged  from  almost  zero  to  over  $2000  for  a  single  correction.  It  proved  to  be  very  diffi¬ 
cult  to  predict  costs  and  manhours  required  for  a  correction. 


4.  ADDITION  OF  NEW  CAPABILITY 


NASTRAN  was  kept  state-of-the-art  with  respect  to  structural  technology  by  adding  new 
capabilities.  Many  times,  new  capabilities  were  added  in  response  to  users'  needs.  Ex¬ 
amples  of  these  additions  Include  heat  transfer  for  NASA  Goddard,  automated  multistage 
substructuring  for  space  shuttle  contractors,  and  rigid  elements  for  the  helicopter 
industry.  These  new  capabilities  were  developed  in-house  by  NSMO  or  the  maintenance 


contractor,  or  by  another  contractor.  No  matter  who  the  developer  was,  the  maintenance 
contractor  was  responsible  for  incorporating  the  new  code  Into  the  level  of  NASTRAN  being 
readied  for  public  release.  The  steps  required  for  adding  a  new  capability  are  shown  in 
figure  3*  To  make  the  maintenance  contractor's  job  of  Incorporation  as  smooth  as  possible, 
a  NASTRAN  general  purpose  Interface  requirements  document  was  written  (ref.  3).  This  docu¬ 
ment  aided  the  new  capability  contractor  In  programming  in  the  NASTRAN  environment  when 
developing  new  code  or  modifying  existing  code.  It  also  defined  the  NASTRAN  documentation 
format  rules  including  detailed  specifications  for  typists.  The  new  capability  development 
cycle  was  broken  down  into  the  following  six  phases: 

1.  Definition  Phase 

2.  Design  Phase 

3.  Programming  Phase 

4 .  System  Test  Phase 

5.  Installation  Phase 

6.  Acceptance  Phase 

The  IRD  document  described  what  was  to  be  done  in  each  phase  and  the  items  that  were 
to  be  delivered  at  the  conclusion  of  each  phase.  A  new  phase  was  generally  not  begun 
until  the  deliverable  items  of  the  preceding  phase  were  accepted.  A  document  of  this  type 
is  a  valuable  cost-  and  time-saver  when  working  in  a  multivendor  software  environment. 


5.  IMPACT  OF  ADVANCES  IN  COMPUTER  TECHNOLOGY 


NASTRAN  was  kept  state-of-the-art  on  three  types  of  computers:  CDC,  IBM,  and  UNIVAC. 
These  computers  were  chosen  initially  because  they  were  being  used  for  scientific  work 
at  the  NASA  Centers  at  the  time  NASTRAN  was  originally  initiated.  When  first  released  in 
1970,  NASTRAN  ran  on  IBM  7094,  CDC  6400  or  6600,  and  UNIVAC  1106.  In  1978,  NASTRAN  ran 
on  IBM  360/370  series,  both  CDC  6000  and  CYBER  series,  and  UNIVAC  1100  series.  There  were 
many  advances  in  computer  technology  during  this  time  period,  and  most  of  them  had  a  di¬ 
rect  effect  on  NASTRAN.  The  following  paragraphs  discuss  the  major  problems  encountered 
and  the  way  these  problems  were  addressed. 

IBM  periodically  upgraded  its  disks  (from  2314  to  3330  to  3330  Mod  II  to  3350). 

NASTRAN  writes  data  blocks  out  to  disk  and  then  reads  them  back  into  memory  as  needed. 

Thus  NASTRAN  is  dependent  upon  the  type  of  disk  available  at  each  user's  installation. 

When  the  disk  would  change,  the  code  required  to  access  the  disk  efficiently  would  also 
have  to  be  modified.  Since  different  users  have  different  disks,  it  became  necessary  to 
generalize  this  area  of  code.  As  a  result,  NASTRAN  now  contains  code  to  query  the  I/O 
supervisor  of  the  operating  system  to  determine  characteristics  of  the  particular  disk 
device  that  Is  being  used.  The  code  then  automatically  accesses  that  disk  efficiently. 

This  process  is  transparent  to  the  user  and  does  not  have  to  be  changed  each  time  an 
organization  upgrades  its  disks. 

The  introduction  of  virtual  storage  (VS)  operating  systems  on  IBM  computers  also 
Influenced  NASTRAN  execution.  Until  VS  became  available,  NASTRAN  executed  under  the  OS/ 

MFT  and  OS/MVT  IBM  operating  systems.  A  study  (ref.  4)  indicated  that  VS1  was  similar 

to  OS/MFT  and  that  VS2  Release  1  was  essentially  similar  to  OS/MVT.  Thus  only  two  changes 
had  to  be  made  to  NASTRAN  to  make  it  operational  under  these  two  VS  operating  systems. 
However,  the  story  was  different  for  VS2  Release  2.  NASTRAN  uses  an  "open  core"  concept 

that  makes  certain  assumptions  about  the  way  in  which  the  GETMAIN/FREEMAIN  operate.  These 

assumptions  broke  down  in  VS2  Release  2  because  all  GETMAIN  requests  are  satisfied  from 
the  beginning  of  the  address  space,  which  meant  open  core  was  fragmented.  (More  details 
can  be  found  in  reference  4).  A  Joint  effort  by  Bell  Helicopter  and  Lockheed-Callfornla 
produced  a  deck  of  cards  to  allow  Level  15*5  NASTRAN  users  to  work  under  an  IBM  VS2  Re¬ 
lease  2  operating  system.  This  deck  was  generalized  and  incorporated  into  Level  16  by 
the  maintenance  contractor.  Now  NASTRAN  executes  under  any  of  the  OS  IBM  operating  systems 
without  having  to  make  changes  to  the  program. 

Several  problems  were  also  encountered  due  to  advances  in  CDC  software.  In  1976, 
Langley  began  conversion  to  the  CDC  NOS  operating  system  from  SCOPE.  Because  NSMO  used 
Langley's  computer  system  as  its  primary  maintenance  tool,  NASTRAN  also  had  to  be  converted 
to  NOS.  This  conversion  required  almost  a  complete  rewrite  of  the  NASTRAN  Linkage  Editor. 
This  Linkage  Editor,  which  was  designed  and  developed  especially  for  NSMO,  had  been  modeled 
after  the  IBM  Linkage  Editor  to  provide  flexibility  in  the  overlay  structure.  This  Linkage 
Editor  was  maintained  by  the  contractor  as  part  of  the  CDC  NASTRAN  delivery  package.  A 
decision  was  made  after  Level  17  was  delivered  to  drop  the  Linkage  Editor  and  convert  to 
the  CDC  Segment  Loader,  because  the  Segment  Loader  was  standard  CDC  software  and  would  be 
maintained  by  CDC.  This  decision  required  a  complete  rewrite  of  the  overlay  structure. 
Assembly  language  routines  had  to  be  modified  because  of  the  different  way  registers  were 
passed.  All  of  these  modifications  were  made  and  released  to  the  public  in  Level  17-5. 

Throughout  NSMO's  maintenance  period  the  UNIVAC  system  has  been  very  stable.  Most  of 
the  advances  that  were  made  were  upward  compatible  and  caused  very  little  impact  on  NASTRAN 
maintenance. 
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6.  DOCUMENTATION 


Documentation  for  NASTRAN  consisted  of  four  major  manuals  containing  about  6000  pages. 
These  manuals  were  the  Theoretical  Manual,  the  User's  Manual,  the  Programmer's  manual,  and 
the  Demonstration  Problem  Manual  (refs.  5-8).  A  User's  Guide  (ref.  9)  was  published  pri¬ 
marily  for  beginning  users  of  NASTRAN  and  periodically  reissued  to  reflect  new  software 
additions.  A  guide  to  a  Condensed  Form  of  NASTRAN  (ref.  10)  was  published  for  use  by  edu¬ 
cational  institutions  or  by  organizations  not  requiring  the  full  range  of  capabilities. 

The  four  basic  manuals  were  maintained  and  updated  to  keep  abreast  of  software  enhance¬ 
ments.  Whenever  a  change  was  needed  in  a  manual,  a  NASTRAN  Documentation  Change  Report 
(DCR)  was  issued  and  given  a  DCR  number  (see  Form  9  in  Appendix).  This  DCR  was  associated 
with  that  particular  change  until  the  documentation  review  cycle  (figure  4)  was  completed. 

A  DCR  ranged  from  a  single  sentence  to  over  100  new  pages.  Often,  much  original  writing 
was  needed.  In  the  review  cycle  there  were  two  editors  for  each  manual:  one  in  the  mainte¬ 
nance  contractor's  office  and  one  in  NSMO.  It  was  found  that  using  two  editors  in  this 
fashion  produced  the  best  documentation.  Each  editor  got  to  see  the  documentation  twice: 
first  in  an  approval  stage  and  finally  after  the  changes  had  been  typed.  This  final  ap¬ 
proval  tended  to  be  iterative.  To  insure  that  all  manuals  were  consistent,  there  were 
specific  rules  for  adding  to  or  modifying  the  documentation.  These  rules  are  presented  in 
the  NASTRAN  General  Purpose  Interface  Requirements  Document  (ref.  3). 


7.  QUALITY  ASSURANCE  FOR  NEW  LEVELS 


New  levels  of  NASTRAN  were  released  when  major  new  capabilities  were  added  and  appro¬ 
priate  error  corrections  accumulated.  When  the  decision  was  made  to  release  a  new  level 
of  NASTRAN,  a  deadline  was  set  beyond  which  no  new  code  (either  error  correction  or  new 
capability)  would  be  added  to  the  system,  unless  the  code  was  of  such  a  critical  nature 
that  the  final  NASTRAN  level  would  not  function  within  acceptable  limits.  On  this  date, 
the  quality  assurance  (QA)  cycle  began  for  the  total  system.  QA  was  an  ongoing  process  for 
separate  error  corrections,  new  capabilities,  and  subsystems,  but  not  on  the  system  as  a 
whole  until  a  new  level  release  decision  was  made.  The  majority  of  the  maintenance  effort 
was  done  on  CDC  computers  because  they  are  Langley's  primary  computers,  and  NSMO  and  the 
maintenance  contractor  were  located  at  Langley.  NSMO  provided  the  maintenance  contractor 
with  both  batch  and  interactive  terminals  so  the  IBM  version  (using  a  remote  NASA  IBM 
360/95  computer)  and  the  UNIVAC  version  (using  a  remote  NASA  UNIVAC  1110  computer)  were 
maintained  on  an  equal  basis  with  the  CDC  version. 

The  cutoff  date  for  new  code  was  usually  about  one  month  prior  to  the  scheduled  de¬ 
livery  of  the  new  CDC  level  to  COSMIC.  One  month  after  the  delivery  of  the  CDC  version, 
the  IBM  version  was  delivered,  and  In  one  more  month  the  UNIVAC  version. 

QA  was  performed  by  using  a  set  of  standard  NASTRAN  demonstration  problems  with  the 
known  results.  The  set  consisted  of  about  100  problems  which  test  most  of  the  capabilities 
and  combinations  of  capabilities.  Because  of  NASTRAN 's  size  and  generality,  it  was  im¬ 
possible  to  remove  all  errors.  Thus  the  goal  was  to  make  sure  that  at  least  all  of  the 
demonstration  problems  ran  to  completion  and  produced  correct  results. 

The  demonstration  problems  were  first  executed  on  the  CDC  computer.  When  they  ran 
correctly,  a  weekend  trip  was  made  to  a  NASA  IBM  facility  to  test  the  IBM  version.  It  was 
found  that  on-site  testing  for  a  QA  effort  of  this  scale  was  much  better  than  remote  testing. 
After  the  IBM  version  was  tested  and  corrected  to  allow  demonstration  problems  to  run  cor¬ 
rectly,  corrections  were  fed  back  into  both  the  CDC  and  UNIVAC  versions.  A  week's  trip  was 
then  taken  to  a  NASA  UNIVAC  facility  to  test  the  UNIVAC  version. 1  The  corrections  required 
for  the  UNIVAC  were  then  fed  back  Into  the  CDC  and  IBM  versions.  A  subset  of  the  demon¬ 
stration  problems  was  then  run  on  the  CDC  version  to  insure  that  the  corrections  had  no 
adverse  effects.  The  CDC  version  was  then  released  to  the  public  through  COSMIC.  Wrap  up 
work  was  done  on  the  other  two  versions  and  they  were  subsequently  released. 


8.  CONCLUDING  REMARKS 


NASTRAN  cost  about  $3.5  million  to  develop  and  was  first  released  to  the  public  in 
1970.  Since  that  time,  approximately  $3.5  million  more  has  been  spent  on  Improving  and 
maintaining  the  system.  The  program  has  grown  from  150,000  lines  of  code  in  1970  to  400,000 
lines  of  code  in  1979.  Many  new  finite  element  capabilities  have  been  added  as  well  as 
changes  to  remain  state-of-the-art  with  respect  to  advances  in  computer  technology.  Effi¬ 
ciency  improvements  have  resulted  in  10  x  1  speed  increase  in  NASTRAN.  Because  of  the  main¬ 
tenance  effort,  of  the  approximately  1500  errors  reported,  only  212  remain  active  and  Just 
17  of  those  have  a  high  priority.  The  documentation  kept  pace  with  the  expanding  effort  of 


because  NSMO  did  not  have  batch  terminal  access  to  the  UNIVAC  facility,  many  of  the  QA 
chores  done  remotely  prior  to  a  trip  to  the  IBM  facility  had  to  be  done  on-site  for  the 
UNIVAC,  thus  requiring  a  full  week  rather  than  a  weekend. 
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the  program  and  grew  from  3700  pages  in  1970  to  7000  pages  in  1979.  The  usage  of  NASTRAN 
as  a  tool  increased  significantly.  In  1970,  there  were  50  computer  sites  with  about  900 
employees  using  NASTRAN.  By  1979.  usage  had  increased  to  265  computer  sites  with  2600 
users.  This  increase  was  due  primarily  to  general  capabilities  of  the  software  and  the 
continued  maintenance  as  a  state-of-the-art  finite  element  computer  program. 
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10.  APPENDIX 


This  appendix  shows  the  four  primary  forms  used  in  maintaining  NASTRAN.  The  four  forms 

are : 

1.  A  response  letter  to  a  user  who  had  submitted  a  problem. 

2.  A  NASTRAN  software  problem  report  (SPR). 

3.  A  NASTRAN  alter  form. 

4.  A  NASTRAN  documentation  change  report  (DCR) . 


Each  form  has  been  filled  out  showing  a  typical  example. 
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Uaiiona  Aero-a  j’  cs  anc 
Space  Aamin::"ar.o' 

Langley  Research  Center 

Hamotcr  Virc '  a 
2366c 


fUASA 


He  rev  let  t  Jit, 

Arrex:  *ir-  H»*ry 
Meje*  J  U+eL 

8*#©w 


Dear  Sir: 

The  NASTRAN  Systems  Management  Office  has  received  your  Software 
Problem  Report  concerning  ea  ewUmaft  tw'i4sL  fernery _ 

H£CS  4m  IHV. _ 


Tour  problem  has  been  assigned  the  following  number:  SPR  No.  /VBt. 
In  regards  to  this  SPR  .  .  . 

□  We  need  the  following  additional  information: _ 


□  The  problem  is  a  user  misunderstanding  of  the  documentation  end 
the  following  approach  should  be  used: _ 


□  The  problem  has  been  previously  reported  (SPR  No.  _ ). 

J^Ke  have  submitted  the  SPR  to  our  contractor  for  analysis.  Ir.  the 
interim  period  before  correction,  we  feel  the  following  approach 

may  serve  as  a  temporary  fix:  <ItC6(ll>.lZt _ 

_ T*>  Ho _ 

_ *  C,  _ 

The  NSMO  thanks  you  for  your  interest  and  assistance  in  helping  remove 
the  errors  in  NASTRAN,  and  hope  to  be  of  service  to  you  in  the  future. 

Sincerely, 

James  L.  Rogers,  Jr. 

Aero-Space  Technologist 


Form  1.-  Typical  response  letter  to  user. 
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|  DEFAULT  APPDOVAL  DATE:  12/31/7 £ 


spriu.:  1486 

DATE:  11/1/7L 

PAGE:  1  or  1 

LEVEL  REPORTED:  17.0.0 

LEVEL  OT  FIX:  17. 1.0 

CD  cc:  □  m  Lj  ustva: 

Inverse  Power-  Hetnod  does  not  get  used  automatical!., 
description  or  spr:  when  insufficient  core  exists  for  Upper  Hessenoerg. 

KAN  HOURS:  5 

COOING  CPU  COST:  (Sysgen) 

OA  CPU  COST: 

SUSROUTI  liE(s):  CEA: 

ALTERU) 

Discussion  of  Problem: 


Wnen  there  is  insufficient  core  to  conplete  conoutations  using  the  Uooer  hessenDere 
method.  the  original  design  conceot  included  provision  to  automatically  switch  to  the 
Inverse  Power  method  after  issuing  a  warning  message  to  that  .effect.  This  switcr. 
will  be  successful  if  the  EIGC  card  contains  sufficient  information  to  satisfy  the 
reoui rements  of  the  Inverse  Power  method  since  the  Doper  Hessenbero  method  does  net 
need  as  much  information,  however,  since  the  code  did  not  support  the  actual  switcr. 
in  methods,  the  Uooer  Hessenbero  method  was  attempted  to  be  used  after  tne  core  test, 
resulting  in  eventual  failure. 


Correction  of  Problem: 


Following  the  issuance  of  tne  warning  nessaoe.  control  should  be  transferred  fror.  the 
area  of  code  in  subroutine  CEAD  from  Uooer  hessenbero  to  Inverse  Power.  On  COO,  tr.is 
transfer  is  provided  by  tne  following  cnange: 

*1,  CEAD.  126 

GO  T0  40 
•C.CEAD 

The  necessary  correction  is  obvious.  In  view  of  the  cost  reoui  red  to  generate  a  test 
case  which  exceeds  allowable  core,  no  test  is  included.  The  correction  is  noted  on 
tne  attached  excerpt  from  subroutine  CEAC. 


,i  fa  hr 

US*'?  WWW.  ■ 


Form  3.-  Typical  NASTRAN  alter  form. 


OCR  No.  T-IOIO 
(To  NO  0111(000  if  too  NCx: 


NAS  TUN  DOCUMENTATION  CHANCE  NWT  (OCA) 


Organization:  Msmo 


Or1((Mtor: 


)t(EolE  UJgTPg^ 


__  Data:  S/tt/76 
RNMO  no.:  £22JuSSL 


Manual  IS  Theoretical 

I  I  (Har  t  _ 

f~~l  Rrogroa— r‘s  _ 

I  I  Dean.  RroOler  _ 


u 


Ration  for  t Na  Change: 
RutomaTO  wve 


feQCumCOTNTIoO  Me 
NC  SWOTHCSIS  PftcKft&E. 


Description  of  Cnanoe: 

(Atucn  a  copy  of  tnt  paoa(s)  to  oe  changes  wltn  corrections  tot:,  lisa 
separate  pages  if  necessary.) 

_ See  png-es. _ 


Form  1).-  Typical  NASTRAN  documentation  change  report  (DCR), 
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Table  1  -  NASTRAN  Capabilities 
Sept.  1970  (Level  12) 

Engineering  Capabilities 
Static  Stress 
Buckling 
Vibration 
Large  Deflection 
Piecewise  Linear 
Transient  Response  (2  methods) 
Random  Response  (2  methods) 
Frequency  Response  (2  methods) 
Complex  Eigensolutions  (2  methods) 
Other  Features 

General  Matrix  Operations 
Restart  Provisions 
Generalized  Plotting 
Size 

150,000  Source  Statements 
519  Subroutines 
99  Modules 

3,690  Pages  of  Documentation 
1)  Manuals 


Table  3  -  NASTRAN  Capabilities 
Aug.  1973  (Level  15.5) 

Engineering  Capabilities 
Level  1 5  Capabilities + 

Complete  Heat  Transfer 
(Conduction,  Convection,  Radiation) 
(Steady  State  and  Transient) 

Other  Features 

Level  15  Features  + 

New  Matrix  Methods 
Single/Double  Precision  Options 
Random  Access  I/O 
String  Data  Notation 
New  Elements 

Error  Information  System 
Size 

230,000  Source  Statements 
994  Subroutines 
111  Modules 

4,525  Pages  of  Documentation 
5  Manuals 


Table  5  -  NASTRAN  Capabilities 
Dec.  1977  (Level  17) 

Engineering  Capabilities 
Level  16  Capabilities + 

Subsonic  Aeroelastlcity  Extension 
Supersonic  Aeroelastlcity 
(Including  Gust  Response) 

New  PEER  Elgenmethods  (Real  and  Complex) 
Other  Features 

Level  16  Features  + 

Improved  Rigid  Rod,  Membrane,  Plate, 
Shell  Elements 
Matrix  Conditioning  Checks 
ECIS  Expansion 
Efficiency  Improvements 
Plotting  Improvements 
Size 

320,000  Source  Statements 
1,500  Subroutines 
170  Modules 

7,000  Pages  of  Documentation 
7  Manuals 


Table  2  -  NASTRAN  Capabilities 
July  1972  (Level  15) 

Engineering  Capabilities 
Level  12  Capabilities + 
Hydroelastic 
Acoustic 
Thermal  Bending 
Preliminary  Heat  Transfer 
Preliminary  Substructuring 
Other  Features 

Level  12  Features  + 

General  Machine  I/O 
Computer  Efficiency  Improvements 
I/O  Between  Different  Machines 
Dummy  Element 
New  Elements 
Matrix  Packing 
Size 

225,000  Source  Statements 
943  Subroutines 
111  Modules 

4,092  Pages  of  Documentation 
4  Manuals 


Table  4  -  NASTRAN  Capabilities 
March  1976  (Level  16) 

Engineering  Capabilities 
Level  15.5  Capabilities  + 

Fully  Stressed  Design 
Subsonic  Aeroelastlcity 
Vibration  with  Prestress 
Automated  Multi-Stage  Substructuring 
Cyclic  Symmetry 
Grid  Point  Forces 
Element  Strain  Energy 
Other  Features 

Level  15-5  Features  + 

Congruent  Elements 
New  Matrix  Routines 
Complex  Modal  Plots 
New  Elements 
Size 

275,000  Source  Statements 
1,356  Subroutines 
152  Modules 

6,071  Pages  of  Documentation 
5  Manuals 


Table  6  -  NASTRAN  Capabilities 
Jan.  1979  (Level  17.5) 

Engineering  Capabilities 
Level  17  Capabilities  + 

Automated  Modal  Synthesis 
Automated  Substructuring  Improvement 
Other  Features 

Level  17  features  + 

General  Purpose  Data  Generator 
Efficiency  Improvements 
Conversion  to  CDC  Segmentation  Loader 
Size 

TCO.OOO  Source  Statements 
1,675  Subroutines 
175  Modules 

7,200  Pages  of  Documentation 
7  Manuals 
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Fig.  3  Steps  in  adding  a  new  capability. 


NSMO  =  NASTRAN  SYSTEM  MANAGEMENT  OFFICE 
M.C.  =  MAINTENANCE  CONTRACTOR 


YES 


NSMO 
EDITOR 
APPROVAL 


Nl 


Fig.  4  NASTRAN  documentation  review  cycle. 


A  COMPUTER  BASED  SYSTEM  FOR  STRUCTURAL  DESIGN,  ANALYSIS 
AND  OPTIMISATION 


by 

A.  J.  Morris* 
P.  Bartholomew* 
J.  Dennis** 


SUMMARY 

The  paper  describes  a  new  modular  computer  program  developed  by  Structures 
Department,  Royal  Aircraft  Establishment,  for  the  automated  design  of  optimum  structures 
subject  to  a  variety  of  constraints.  The  program  employs  several  complex  optimisation  and 
duality  techniques  linked  together  by  a  control  module  which  also  provides  a  mechanism  for 
interfacing  the  program  with  the  commercially  available  structural  analysis  systems. 
Although  this  gives  rise  to  a  highly  sophisticated  program  structure  it  is,  nevertheless, 
made  simple  to  operate  by  the  aid  of  a  convenient  command  language  which  provides  the 
communication  link  with  the  design  engineer.  In  addition,  new  modules  and  methods  can  be 
incorporated  into  the  program  as  these  become  available  thereby  considerably  easing  the 
update  problem. 


1  INTRODUCTION 

The  theme  of  the  Symposium  is  directed  towards  bridging  the  gap  between  the 
specialised  research  groups  producing  new  computer  based  techniques  and  the  design  engineer 
who  is  familiar  with  the  real  problems  but  has  little  knowledge  of  computing.  The  present 
paper  sets  out  to  show  how  a  computer  program  for  automated  structural  design  can  be 
formulated  to  overcome  many  of  the  problems  associated  with  handing  over  complex  programs 
to  the  design  community. 

The  need  for  an  automated  design  or  structural  optimisation  program  has  evolved  from 
the  developments  which  have  taken  place  in  computerised  structural  analysis  where  a  range 
of  computer  programs  are  now  available  and  routinely  used  i:i  the  design  of  major  aircraft 
assemblies.  Although  the  progress  made  in  this  area  ir  satisfactory  it  does,  in  many  ways, 
represent  a  rather  limited  application  of  the  power  o'"  the  computer  -  particularly  with 
regard  to  the  Class  6  or  'supercomputers'.  A  more  ef  ective  use  of  this  power  which  has 
great  potential  in  rapidly  creating  efficient  structures  is  to  computerise  the  complete 
design  cycle.  This  is  essentially  a  looping  operation  where  the  analysis  plays  a  central 
role  supplying  information  which  permits  a  redesign  of  the  structure  to  meet  the  operational 
requirement.  At  the  present  time,  for  aircraft  structures,  the  analysis  would  be  performed 
by  a  large  system  of  the  NASTRAN  type  with  the  design  engineer  intervening  to  make  what  he 
believes  are  appropriate  changes  to  the  structure  in  order  to  achieve  a  satisfactory  design. 
However,  the  task  of  selecting  such  changes  is  not  easy  and  this  is  particularly  true  if 
an  optimum  design  is  to  be  sought.  The  solution  lies  in  creating  a  computer  program 
which  combines  analysis  with  some  form  of  optimum  seeking  method  which  can  make  logical 
changes  to  the  structure  in  a  stepwise  fashion  and  thereby  achieve  the  design  objective. 

Theoretically,  the  creation  of  a  structural  optimisation  or  automated  design  program 
may  appear  relatively  straightforward  but  practical  considerations  make  the  task  complex. 
Over  the  past  two  decades  a  number  of  individual  structural  optimisation  methods  have 
been  proposed  and  as  we  explain  in  section  2  each  is  effective  for  a  different  class  of 
problem.  A  requirement  of  a  comprehensive  design  program  is  that  it  is  sufficiently 
flexible  to  accommodate  a  variety  of  these  optimisation  methods  each  of  which  can  be 
easily  accessed  depending  upon  the  class  of  problem  under  consideration.  In  a  similar 
manner  a  general  program  should  in  principle  also  be  able  to  interface  with  any  of  the 
available  structural  analysis  packages,  thereby  allowing  the  user  freedom  of  choice  in 
selecting  an  analysis  system  appropriate  to  specific  needs  or  computing  power.  The  result¬ 
ing  algorithms  achieved  by  blending  optimisation  and  analysis  programs  together  require 
some  form  of  monitoring  facility  which  is  best  obtained  by  an  effective  use  of  duality 
theory.  This  provides  information  for  checking  the  performance  of  an  optimisation  method 
during  a  given  computer  run,  indicates  which  constraints  are  active  and  also  permits 
monitoring  of  the  overall  convergence  of  the  algorithm.  Clearly  a  computer  program 
designed  to  provide  all  these  features  is  being  asked  to  control  a  group  of  interlocking 
individual  programs  which  make  up  a  flexible  system  able  to  respond  to  a  range  of  problems. 
The  architecture  of  such  a  program  must  be  modular  and,  indeed,  the  RAE  program  described 
below  has  this  type  of  structure.  Modularity  has  the  additional  advantages  that  new 
techniques  can  be  co-joined  in  the  form  of  new  modules  when  these  are  developed  and  the 
portability  and  reliability  are  also  enhanced.  In  this  latter  context  the  RAE  system  is 
now  available  on  ICL,  IBM  and  CDC  computers. 

Although  these  concepts  are  important  for  an  effective  structural  optimisation 
program  perhaps  the  most  essential  feature  from  the  practical  design  engineers  viewpoint 
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is  that  such  a  powerful  and  flexible  program  should  be  easy  to  use.  The  procedures  for 
loading  and  sequencing  modules,  together  with  the  transmissions  of  information  between 
modules,  should  be  hidden  from  the  user.  Furthermore,  the  mathematical  complexities 
associated  with  the  optimisation  and  duality  techniques  must  be  controlled  by  the  user 
without  a  requirement  for  more  than  a  superficial  understanding  of  the  theory.  For  the 
program  described  herein  this  is  achieved  by  the  use  of  a  control  program  which  is  mani¬ 
pulated  by  the  user  via  a  command  language.  This  language  is  simple  and  easy  to  use  yet 
provides  the  user  with  a  sophisticated  control  of  the  entire  modular  program.  It  permits 
a  selection  to  be  made  of  the  various  optimisation  and  duality  methods  depending  upon  the 
specific  design  problem.  The  language  also  provides  facilities  for  stopping  and 
re-starting  during  an  optimisation  run  and  safeguards  can  be  incorporated  to  recover  from 
the  computer  going  down  before  a  solution  has  been  achieved. 

Having  outlined  the  structure  and  nature  of  what  is  a  rather  complex  computer 
program  the  question  arises  of  how  it  might  be  l  ed  in  practice.  If  the  system  is 
regarded  as  essentially  an  optimisation  program  len,  for  aeronautical  structures,  the 
designer  will  probably  seek  a  minimum  weight  design  subject  to  a  range  of  behavioural 
constraints.  The  flexibility  of  the  system  permits  a  mixture  of  optimisation  algorithms 
and  the  user  may  commence  a  solution  run  using  the  familiar  stress-ratioing  method  if 
stress  constraints  are  present  and  then  ask  the  program  to  change  to  a  more  rigorous 
technique  as  the  solution  is  approached  or  when  non-stress  constraints  become  important. 
Various  convergence  criteria  may  be  applied  or  the  program  suspended  en-route  to  a 
solution  to  allow  the  user  to  consider  an  interim  design.  An  alternative  approach  is  to 
regard  the  program  more  as  an  automated  design  system  whose  primary  function  is  to  provide 
the  designer  with  a  feasible  solution.  For  example,  in  a  specific  design  it  may  be  more 
important  to  control  vibrational  response  than  to  obtain  a  minimum  weight.  In  such  a  case 
the  program  would  be  asked  simply  to  create  a  design  which  satisfied  the  design  constraint 
However,  by  using  the  duality  theory  built  into  the  program  the  designer  would  also  be 
able  to  obtain  an  estimate  of  the  optimum  weight.  A  decision  could  then  be  made  concern¬ 
ing  the  desirability  of  proceeding  with  the  computer  run  to  achieve  this  optimum.  If 
further  progress  is  necessary  to  re-start  facilities  allow  for  an  easy  resumption. 

Finally,  if  a  new  optimisation  technique,  for  example  employing  an  objective  function 
other  than  weight,  is  required  or  if  an  alternative  analysis  is  needed  these  can  all  be 
easily  incorporated  and  the  command  language  enlarged  to  accommodate  such  modifications. 

A  more  detailed  explanation  of  the  RAE  system  is  given  in  the  remaining  sections 
starting,  in  section  2,  with  an  outline  of  the  optimisation  and  duality  modules  currently 
available  detailing  their  interface  requirements.  Section  3  describes  the  actual  system 
or  computer  package  and  the  relationship  between  the  modules  and  indicates  how  the 
information  flow  is  achieved  through  a  common  exchange  file.  This  leads  to  section  4  and 
a  description  of  the  command  language  with  some  simple  examples  of  its  operation.  More 
complex  examples  are  reserved  for  section  5  where  emphasis  is  placed  on  the  packages’ 
flexibility.  The  Appendices  list  the  modules  and  directive  cards  and  supplements  the 
information  given  in  the  body  of  the  paper. 

2  BASIC  OPTIMISATION  MODULES 

2.1  Introduction 

Although  certain  structural  design  problems  give  rise  to  relatively  simple  optimisa¬ 
tion  problems  most  of  the  designs  encountered  with  real  structures  generate  highly  complex 
optimisation  problems.  Here  the  real  problem  is  usually  too  complicated  for  straight¬ 
forward  treatment  and  if  an  optimum  design  is  required  then  some  form  of  approximation, 
or  simplification,  is  necessary.  For  example,  approximate  forms  for  the  constraints  may 
be  sought  or  relationships  between  constraints  can  be  assumed  whereby  they  may  be  con¬ 
sidered  in  some  cases  as  acting  independently,  or  on  other  occasions,  all  active  together. 
An  alternative  or,  indeed,  additional  simplification  involves  taking  approximate  forms 
for  the  objective  function  reducing  it  to  linear  or  quadratic  forms.  When  an  optimum 
design  is  therefore  sought  for  a  specific  structure  then  the  mathematical  form  of  the 
design  problem  dictates  the  level  of  approximation  required  thus  selecting  a  specific 
optimisation  method.  However,  there  is  no  guarantee  that  a  selected  optimising  procedure, 
appropriate  at  the  beginning  of  an  iteration  history,  will  remain  appropriate  at  the  end 
and  at  some  transition  point  it  may  be  convenient  to  supplant  the  initially  selected 
method  by  an  alternative.  Such  a  transition  cannot  be  made  on  an  arbitrary  basis  and  it 
is  our  experience  that  an  effective  strategy  may  be  developed  based  on  information  from 
the  associated  dual  problem.  The  dual  has  also  a  part  to  play  in  some  more  sophisticated 
algorithms  where  the  dual  variables  can  be  used  for  selecting,  from  the  design  constraints 
those  which  are  active  at  each  stage  of  the  iteration  history.  In  addition,  the  dual 
problem  has  an  important  role  in  the  termination  of  optimising  algorithms  by  providing 
convergence  criteria  and  bounds  on  the  optimum. 

We  are,  therefore,  attempting  to  set  up  a  general  computer  program  incorporating 
several  methods  for  solving  the  problem: 

minimise  the  structural  weight  W(x) 

subject  to  the  constraints  g.(x)  <  b.  j  =  1 . m 

J  J 

together  with  monitoring  routines. 


I 
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The  variables  x^  (i  =  l,...,n)  are  usually  taken  as  simple  design  variables  rep¬ 
resented  by  a  structural  dimension  such  as  the  thickness  or  width  of  individual  members 

in  which  case  W(x)  =  y  “ixi  where  “i  is  a  specific  weight  for  a  unit  of  the  design 

variable  x^  .  Although,  in  principle,  no  restriction  need  be  placed  on  the  form  for 
W(x)  and  several  of  the  techniques  described  below  can  accommodate  complex  forms  for  the 
objective  function  a  simple  weight  function  is  commonly  used  and  is  adopted  here  as  the 
vehicle  for  developing  the  main  optimisation  arguments.  However,  based  upon  arguments 
derived  from  statically  determinate  structures,  the  inverse  of  these  variables  are  usually 
employed  as  design  variables  so  that  the  structural  optimisation  problem  becomes 


minimise  W(z) 


subject  to  g.(z)  <  b. 

J  J 


j  =  1,. 


>  (2-1) 


»m 


Our  task  is  now  to  provide  an  effective  computer  based  system  which  can  solve  this  design 
problem  employing  the  range  of  techniques  and  procedures  outlined  above.  Since  each  tech¬ 
nique  has  different  requirements  the  system  must  be  sophisticated  enough  to  accommodate 
these  without  undue  dislocation  .  The  method  used  in  the  system  described  here  employs  a 
modular  approach  where  each  technique  is  programmed  as  a  single  module  which  communicates 
with  the  rest  of  the  system  through  an  interface.  The  remaining  part  of  this  section 
describes  the  optimisation  and  duality  methods  which  make  up  these  modules  and  outlines 
the  information  which  must  be  supplied  to  each  module  through  the  interface  with  the  rest 
of  the  system. 


2.2  Optimality  and  simple  algorithms 

In  order  to  establish  the  optimality  conditions  for  the  problem  defined  by  (2-1) 
we  need  the  associated  Lagrangian  which  is  given  by  the  expression 


L(z 


■*>  • 

i=i  j=i 


The  Kuhn-Tucker  optimality  conditions  are  now  obtained, 
Lagrangian  and  the  complete  set  is  given  by 


-  “i 

7*  L  ait 

zi  j«l  1 


(z*)  =  0 


X?(bj  -  gj(z*))  =  0 

gj(z*)  <  b.  ;  X?  >  0 


-  gj(e))  .  (2-2) 


part. 

by  differentiating  the 

(i) 

(i  =  1,2,.. 

.  ,m) 

(ii) 

(j  *  1,2... 

.  ,m) 

>  (2-3) 

(iii) 

, 

If  the  problem  is  assumed  to  be  convex  then  these  conditions  are  necessary  and  sufficient 
for  the  solution  vector  z*,  X*  to  represent  a  global  optimising  point,  otherwise  they 
define  a  local  optimum. 

Since  we  can  now  describe  the  conditions  which  apply  at  the  optimum  it  is  natural 
to  proceed  and  ask  how  these  may  be  exploited  to  construct  optimum  seeking  algorithms. 

We  can  begin  by  making  some  fairly  severe  assumptions  about  the  nature  of  the  problem 
which  allow  us  to  exploit  parts  of  the  Kuhn-Tucker  conditions.  For  example,  it  can  be 
assumed  that  each  design  variable  z^  is  associated  with  a  specific  constraint  g*(z)  . 
Thus  the  number  of  constraints  must  equal  the  number  of  design  variables,  a  situation 
which  can  occur  when  the  constraints  represent  limits  on  the  stress  levels  in  the 
individual  members  of  the  structure  being  optimised.  If  the  further  assumption  is  imposed 
that  all  the  constraints  are  active  then  (2-3(iii))  becomes 

g j  ( z * )  =  b.  ,  X*  >  0  (j  =  1,2 . n) 

and  we  can  now  look  for  an  algorithm  which  ignores  ( 2—3 ( i ) )  and  simply  seeks  an  optimum 
on  the  basis  of  constraint  satisfaction.  This  leads  naturally  to  the  'stress  ratioing' 
method  where  estimates  of  the  optimising  values  of  the  design  variables  zf  are  obtained 
from  initial  values  zj  by  ratioing  with  respect  to  constraint  limit,  viz. 


(i  =  1,2,... ,n) 
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or 


zi 


z(k+1) 

zi 


bi 


Ji  g^TzT 


z<k> 


bi 


( 2-H) 


(i = 1,2,.. . ,n) 


for  an  iterative  process.  If  such  an  algorithm  forms  a  module  within  a  large  optimisation 
computer  program  then  the  basic  information  it  requires  can  be  obtained  from  the  results 
of  an  analysis.  Thus  the  main  program  supplying  information  to  such  an  algorithm  must 
contain  an  analysis  capability. 

Assuming  that  (2-3(ii)&(iii) )  apply,  has  lead  to  a  ' stress-ratioing'  type  of 
algorithm  which  has  traditionally  been  used  in  the  design  of  strength  critical  structures. 
If,  however,  we  are  interested  in  stiffness  critical  designs  the  number  of  constraints  is 
likely  to  be  few  in  number  and  it  then  becomes  more  appropriate  to  concentrate  solely  on 
the  conditions  (2-3(i))  •  At  this  point  it  is  profitable  to  add  the  further  assump¬ 
tion  that  only  one  constraint  is  active  so  that  equation  (2-3(i))  becomes 


-  _!i  +  x.  »&(**) 


zi 


3z. 

l 


(i  =  1,2,. ...n)  .  (2-5) 


Taking  the  constraints  to  scale  linearly  in  z  then 


=  b 


and  estimated  values  zT,  \ *  which  provide  the  solution  to  the  optimisation  problem  are 
given  by 


1 

b 


3g(z*) 

9ZP 


Normally  the  values  of  the  constraint  derivatives  at  the  optimum  are  not  known  and  thus  the 
solution  to  the  optimum  design  problem  is  sought  through  the  iteration  formulae: 


,  (k+1) 


1 


3g(z(k)) 


(2-6) 


algorithms  based  upon  (2-6)  are  normally  referred  to  as  'optimality  criterion'.  If  more 
than  one  constraint  is  active  then  equation  (2-5)  does  not  yield  the  up-date  formulae 
(2-6)  and  it  is  customary  to  employ  some  artifice  such  as  the  'envelope  method'  if  the 
simplicity  of  the  optimality  criterion  approach  is  to  be  preserved.  This  general  class 
of  method  requires  that  the  derivatives  of  the  constraints  3g/3z^  are  supplied  by  the 
main  program  for  each  member  of  the  constraint  set.  In  order  to  describe  how  these 
derivatives  are  obtained  we  begin  by  considering  a  structure  modelled  by  displacement 
finite  elements  where  the  stiffness  matrix  (K)  relates  the  vector  of  applied  loads  (P) 
by  the  stiffness  matrix  (u)  to  the  vector  of  nodal  displacements  (K),  hence 

(P)  =  {KHu}  . 

If  the  derivative  of  a  specified  nodal  displacement  u.  is  required  with  respect  to  the 

J 

design  variable  zj^,  associated  with  the  thickness  of  the  ith  element, this  is  given  by 
the  expression 


The  matrix  {k^}  is  the  stiffness  matrix  of  the  ith  finite  element,  { u ^ }  is  the  nodal  dis¬ 
placements  vector  of  this  element  under  the  application  of  the  structural  loads  (P),  and 

|uj|  represents  element  nodal  displacements  occurring  in  i  when  a  unit  load  acts  at 
the  point  of  application  of  and  along  the  designated  displacement  u^  .  Because  we  are 

dealing  with  displacement  finite  elements  any  other  derivatives  which  may  be  required, 
ie  stress  derivatives,  can  be  obtained  from  (2-7)  by  additional  matrix  algebra. 


i 
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The  requirement  that  derivatives  are  obtained  resolves  into  a  need  for  the  optimisation 
module  to  supply  the  results  of  a  structural  analysis  under  the  action  of  the  applied 
loads  and,  in  addition,  the  results  of  analysis  under  the  action  of  unit  loads  applied  in 
accordance  with  the  type  and  number  of  active  constraint.  The  question  of  how  active  con¬ 
straints  are  selected  is  left  until  later. 


2.3  Complex  algorithms 


2.3.1  A  Newton-type  method 


Although  the  simple  algorithms  outlined  above  are  extremely  effective  in  certain 
design  situations  and  must  be  included  in  any  comprehensive  structural  optimisation 
program  they  are,  nevertheless,  limited  in  the  type  of  problem  they  can  efficiently  handle 
and  need  supplementing  by  more  sophisticated  methods.  An  obvious  procedure  would  be  to 
construct  an  algorithm  based  upon  satisfying  all  the  equations  (2-3)  simultaneously  with¬ 
out  recourse  to  the  rather  special  type  of  assumptions  that  lead  to  the  'envelope  method' 
or  other  similar  algorithms.  Because  the  first  and  second  derivatives  of  the  objective 
function  are  readily  available,  in  the  case  of  the  optimisation  problem  (2-1),  a  solution 
procedure  based  upon  Newton's  method  can  be  constructed.  We  begin  with  the  assumption 
that  the  objective  function  can  be  approximated  by  a  quadratic  function  and  the  constraints 
by  linear  forms.  Taking  a  feasible  point  z  then  the  problem  can  be  defined  in  terms  of 
finding  a  steplength  h  which 


minimises 


W(z  +  h) 


subject  to  the  constraints  (g(z  +  h)} 


W(z)  +  (VW(z))t{h)  +  J{h}t{H(z)Hh) 
( g ( z )  )  +  (GHh)  <  (b>  . 


(2-8) 


The  vector  (vW(z)}  represents  the  first  derivative  of  the  objective  function  and  (H(z))  is 
the  Hessian  matrix  thus 


“1 

~2 

Z1 


vw(z)  =  < 


“2 

3 


"n 

3 


2  CD, 


H(z)  =  < 


2(^2 


2“n 
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and  the  matrix  (G)  contains  the  derivatives  of  the  constraints  9g-/9z.  .  The  solution  of 

^  J  ^  i  4. 

this  new  sub-problem  (2-8)  is  defined  by  the  vectors  h*  =  (h^.h,, . .  )  , 

A*  =  (A?,  A?,  ...,  A  * ) ^  such  that, 

1  c  m 


(VW(z))  +  {H(z)Hh*}  -  (G(z))t{A») 


a!  gj(z) 


9  z .  i 


=  (0)  , 
=  0  , 


> 


(2-9) 


Aj  >  °  , 

C  g ( z ) }  +  (G( z ) } { h* }  <  (b)  , 


which  represent  the  Kuhn-Tucker  optimality  conditions.  In  order  to  obtain  a  solution  we 
can  exploit  the  fact  that  the  constraints  can  be  divided  into  active  and  inactive  sets. 

At  the  optimum  the  set  of  Lagrangian  multipliers  A*  associated  with  inactive  constraints 
are  zero  and  can  be  ignored.  If  we  exploit  this  fact  and  solve  the  equations  (2-9)  by 
using  a  Newton  philosophy  then 


-1 


(A*)  =  j{G(z))(H(z))'1{G(z))t|  J(b)  -  (G(z)){H(z))'1{VW(z))| 


th* )  ;  (H(z))'1{(G(z))t{A*)  -  (VW(z))(  , 


where  the  tilde  denotes  vectors  and  matrices  associated  with  the  active  constraint  set. 
These  can  now  be  used  as  the  basis  of  an  update  formula  and,  providing  that  some  form  of 
active  set  strategy  is  employed,  this  leads  to  the  forms 
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|x(k  +  1)| 


{|G(z(k))} jH(z(k))}‘1jG(z(k))}t|  ^{b}  -  Jg(z(k))| 

+  {G(z(k))[{H(z(k))|  "1{7W(z(k))^l 


>f 


{H(z(k)){‘1{{G(zCk))}t jx 


(k+1) 


}  -  {vw(z(k))|}  . 


(2-10) 


It  is  normal  in  the  case  of  the  allied  subject  of  mathematical  programming  to  consider  the 

estimate  jz^k+1^  -  z^k^f  as  a  direction  along  which  a  search  is  made  for  a  minimising 
point.  However,  in  the  case  of  structural  optimisation  this  procedure  would  require  a 
sequence  of  expensive  re-analyses  and  is  not  normally  performed.  A  module  using  this 
type  of  update  formula  would  need  to  transmit  active  set  information  to  an  analysis  system 

and  would  require  an  analysis  of  a  structure  with  design  variable  z^k^  =  iz{^\  zlk^ . 

(k)l  112 

z^  '>  under  the  action  of  both  the  actual  applied  loads  and  the  unit  loads  necessary  to 

generate  the  constraint  derivative  matrix  {G(z^)|. 


2.3.2  Beale's  method 


Linearisation  is  the  main  concept  exploited  in  the  above  methods  which  lead  to 
immense  simplifications  and  results  in  the  creation  of  very  efficient  algorithms.  If, 
however,  the  objective  function  and/or  the  constraints  are  non-linear  then  some  alternative 
philosophy  must  be  considered.  Whilst  it  would  be  possible  to  incorporate  the  approach  of 
Miele,  et  al  [Ref  1]  into  the  method  of  (2.3.1)  the  package  described  uses  the  method  of 
E.M.  Beale  [Ref  2] .  Beale  follows  the  Griffith  and  Stewart  method  and  defines  the  objective 
function  and  constraints  in  terms  of  linear  and  non-linear  design  variables 

y  K  such  that  the  design  problem  becomes  find 


• 

x  -  (x1,x2,  ...,xn)t,  y  =  (y1.y2,  • 

•  •  3 
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4 

values  x* ,  y*  which  minimise 
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"  . 
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subject  to  the  constraints 
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where  the  coefficients  of  x  and  the  bounds  are  constant.  If  a  generalised 
programming  problem  is  sought  by  allowing  new  coefficients  a.,  and  b.  to 

J  J 

constant  or  functions  of  the  non-linear  variables.  Thus  we  seek  xQ  which 
subject  to  the  constraints 

n 

linear 
be  either 

is  minimised 
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A  local  solution  to  this  optimisation  problem  can 
approximation  about  the  current  point  in  terms  of 

then  be 
the  non- 

found  by  taking  a 
linear  variables. 

local  linear 
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max(Lr*  yr  "  ®r)  <  yr  <  min(ur*  +  9r)  * 

where  9r  represents  the  tolerances  on  the  variables  yr  .  Beale's  method  solves  the 
resulting  linear  problem  in  terms  of  the  variables  x,  y  subject  to  the  selected 
tolerances  and  bounds.  This  solution  identifies  a  set  of  independent  non-linear  variables 
and  the  use  of  derivatives  in  the  construction  of  the  linearised  problem  are  now  further 
exploited  to  employ  a  conjugate  gradient  method  to  improve  the  values  of  the  non-linear 
variables. 

The  full  details  of  the  technique  are  given  by  Beale  but  it  is  clear  from  the 
above  outline  that  structural  design  problems  exhibiting  a  large  measure  of  linearity  are 
well  suited  to  this  approach.  The  method  is  capable  of  selecting  its  own  active  con¬ 
straints  but  does  require  that  the  main  program  supplies  analysis  and  derivative 
information. 

2 .  H  Duality 

Associated  with  each  minimum  weight  design  problem  there  is  another  problem  known 
as  the  dual  which  requires  the  maximisation  of  a  dual  objective  function  subject  to  dual 
constraints.  For  a  large  and  complex  optimisation/automated  design  system  of  the  type 
described  here  the  dual  has  an  important  role  to  play  in  monitoring  the  progress  of  the 
various  algorithms  within  the  package.  In  particular  the  dual  can  be  used  both  to  provide 
bounds  on  the  optimum  and  to  detect  the  failure  of  a  specific  algorithm  to  iterate 
towards  the  solution.  The  importance  of  the  dual  lies,  therefore,  in  its  capacity  to 
provide  information  on  the  convergence  of  an  algorithm  whilst  iterating  to  an  optimum. 

We  begin  by  considering  the  Lagrangian  form  for  the  basic  problem  (2-2)  and  the  dual 
problem  is  defined  by  looking  for  a  set  of  Lagrangian  multipliers  X  *  and  primal  values 
z*  which  maximise  (2-2)  subject  to  the  constraints 


•a  ,  V  , 

,?  L  j  >zi 

i  J=1 


(z) 


(2-11) 


X 


j 


>  C 


If  the  problem  is  assumed  to  be  convex  then  the  optimum  values  for  the  dual  objective 
function  and  the  structural  weight  are  the  same.  This  information  of  itself  is  of  limited 
value  since  the  dual  problem  is  a  complex  non-linear  problem  and  is  equally  as  difficult  to 
solve  as  the  original  primal  problem.  However,  we  can  take  advantage  of  the  fact  that  for 
convex  problems  the  dual  values  obtained  from  any  combination  for  x,  z  which  satisfies 
(2-11)  represents  a  lower  bound  estimate  of  the  optimum  structural  weight.  This  is  done 
here  by  fixing  the  values  of  the  design  variables  z  =  (z^.z^,  . .  .  ,  zn)t  which  render  both 

the  dual  objective  function  and  the  dual  constraints  (2-11)  linear.  The  resulting  problem 
can  then  be  solved  by  the  application  of  a  standard  linear  programming  algorithm  and  the 
solution  will  provide  a  lower  bound  on  the  optimum  value.  If  a  bound  is  required  at  the 
end  of  iteration  k  (say)  for  one  of  the  algorithms  outlined  above  then,  following 
Bartholomew  [Ref  31  ,  the  linear  program  requiring  a  solution  is  that  of  finding  a  vector 
X*  which  maximises 


subject  to 


(2-12) 


X  .  >  0 

J 


'.•I  reveals  »hat  the  actual  value  of  the  lower  bound  on  the  optimum 
v-'x*!  ar.d  •  hus  for  feasible  values  of  the  design  variables 
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2.5  Active  set  strategy  and  algorithm  selection 

As  we  have  already  indicated  several  of  the  algorithms  described  above  need  some 
form  of  active  set  strategy  whereby  those  constraints  which  at  each  point  in  the  iteration 
history  form  equalities,  can  be  identified.  There  are,  however,  two  distinct  phases  an 
initial  active  set  strategy  required  by  the  algorithm  on  entering  the  first  iteration  and 
an  alternative  main  strategy  which  is  employed  for  subsequent  iterations. 

The  initial  active  set  strategy  uses  the  duality  routine  and  solves  the  dual 
problem  (2-12)  with  the  design  variables  set  to  their  initial  values.  The  linear 
programming  solution  provides  a  set  of  Lagrangian  multipliers  and  constraints  associated 
with  non-zero  multipliers  are  designated  as  being  members  of  the  active  set.  The  informa¬ 
tion  flow  for  this  part  of  the  strategy  i3  clearly  the  same  as  that  of  the  duality  module 
described  in  section  2.4. 

The  main  active  set  strategy  is  more  complex  and  to  a  limited  extent  the  exact 
procedure  followed  is  a  question  of  taste.  At  the  end  of  each  iteration  the  violated 
constraints  may  be  added  to  the  active  set  whilst  those  associated  with  zero  or  negative 
Lagrangian  multipliers  may  be  deleted.  However,  in  order  to  avoid  zig-zagging,  it  is 
customary  to  use  a  more  conservative  constraint  deletion  policy.  For  example,  in  the 
case  of  algorithms  which  develop  their  own  Lagrangian  multipliers,  such  as  the  Newton 
method,  one  may  delete  a  specific  constraint  at  each  iteration  identified  by  the  most 
negative  multiplier.  An  alternative  philosophy  used  in  the  RAE  system  performs  a  sen¬ 
sitivity  analysis  on  the  set  of  negative  multipliers  and  identifies  the  constraint  to  be 
deleted  through  changes  in  the  Lagrangian  function.  In  both  cases  the  information  flow 
between  the  module  responsible  for  constraint  manipulation  and  the  main  system  is 
identical  to  that  required  in  the  initial  active  set  strategy.  This  information,  in 
turn,  is  then  passed  onto  the  optimisation  and  analysis  modules  as  the  automated  design 
program  progresses. 

The  use  of  duality  theory  within  the  system  and,  particularly,  the  availability  of 
the  linear  programming  duality  module  provides  a  technique  for  logically  changing 
algorithms  during  the  course  of  iterating  towards  an  optimum  solution.  If  we  consider 
the  stress-ratioing  method  of  (2-2)  it  is  well  known  that  this  method  converges  on  a  non- 
optimal  solution  for  those  problems  with  free  design  variables  at  the  optimum.  Neverthe¬ 
less,  the  method  is  very  effective  for  strength  critical  designs  and  makes  rapid,  stable 
progress  in  the  early  phases  of  a  computer  run.  The  point  where  a  transition  to  a  more 
secure  algorithm  should  be  made,  can  be  detected  by  examining  the  Lagrangian  multipliers 
generated  by  the  dual  module.  Zero  multipliers  can  be  trapped  and  the  system  instructed 
to  employ  an  alternative  method  or  to  suspend  and  allow  user  intervention. 

3  AUTOMATED  DESIGN  PACKAGE 

As  we  indicated  in  section  2  the  various  types  of  algorithm,  both  simple  and 
complex,  have  an  information  flow  pattern  associated  with  each  of  them.  All  require  an 
analysis  capability  and  most  also  require  the  availability  of  derivatives  and  several 
demand  some  form  of  active  set  strategy.  When  we  come  to  assemble  these  in  a  unified 
system  to  create  an  effective  computer  package  the  type  of  program  layout  which  results 
is  outlined  in  block  diagram  Fig  1.  Here  the  initial  set  strategy  and  part  of  the  Newton 
algorithms  of  section  2.3  are  illustrated  and  it  is  immediately  clear  that  these  proce¬ 
dures  have  a  large  measure  of  repeated  operations.  Not  only  is  the  information  flow 
between  the  optimisation  methods  and  the  rest  of  the  system  similar,  as  indicated  in 
section  2,  but  the  sequence  in  which  operations  are  required  is  similar.  The  optimisa¬ 
tion  or  automated  design  process  can  be  broken  down  into  distinct  stages  which  are 
implemented  in  a  particular  order  and  in  these  circumstances  it  is  natural  to  think  in 
terms  of  a  modular  program  where  each  module  corresponds  to  one  of  these  stages.  The 
complete  automated  design  process  is  then  recovered  by  scheduling  together  the  modules 
to  form  the  actual  optimisation  system. 

In  order  to  illustrate  the  precise  manner  in  which  the  automated  design  package  oper¬ 
ates  we  consider  the  simple  stress-ratioing  algorithm  shown  in  Fig  2  where  the  up-date 
formula  and  the  underlying  assumptions  are  given  in  section  2.2.  The  resulting  stress- 
ratio  algorithm  has  five  distinct  operations  which  form  separate  modules  as  shown  in  Fig  2: 

STIN  -  the  STructural  INput  module  reads  the  data  defining  the  structure  and  includes  the 
initial  values  of  the  design  variables; 

CONS  -  the  CONStraint  module  reads  the  data  defining  the  stress  constraints  on  the 
structure  ; 

ANAL  -  the  ANALysis  module  generates  the  finite  element  model  corresponding  to  a  given 
set  of  design  variables  and  solves  it  to  give  nodal  displacements  and  element 
stresses ; 

CONV  -  the  CONVergence  module  which  tests  for  convergence  of  the  trial  solution  to  the 

optimal  solution.  In  a  simple  stress  ratioing  algorithm  it  performs  this  operation  by 
comparing  changes  in  the  structural  weight  and  the  design  variables  between  two 
iterations.  These  changes  are  compared  with  pre-set  tolerances; 

FULL  -  the  FULLy-stressing  module  changes  the  design  variables  according  to  the 
formula  (2-3). 
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Fig  1  List  of  tasks 
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Fig  2  Stress  ratioing  algorithm 


The  last  three  modules  are  repeated  until  design  variables  changes  lie  within  the 
pre-set  tolerances  and  convergence  is  assumed.  This  cycling  operation  requires  an  inter¬ 
change  of  information  between  the  modules  as  the  values  of  the  desired  variables  are 
changed.  In  addition  the  analysis  module  requires  repeated  access  to  fixed  information 
related  to  the  configuration  of  the  structure  as  originally  supplied  by  the  structural 
input  module. 

In  the  RAE  package  the  modules  communicate  with  each  other  by  retrieving  data  from 
preceding  modules  and  storing  data  for  succeeding  modules  on  a  direct  access  data  file 
called  the  CX  file,  the  common  exchange  file.  Information  is  stored  on  this  file  in  the 
form  of  arrays  and  each  array  is  referenced  by  using  its  particular  eight-character  key¬ 
name,  an  integer  sub-key  and,  in  addition,  the  core  location  and  the  number  of  data  words 
to  be  transferred  is  specified.  The  actual  set  of  arrays  on  the  CX  file  will  depend  on 
the  particular  run  and  the  stage  that  the  run  has  reached.  As  each  module  is  called  in 
transfers  are  made  from  the  CX  file  and  an  opposite  flow  of  information  takes  place  as  the 
module  is  deleted.  The  scheduling  of  the  individual  modules  is  performed  by  a  control 
program  which  interprets  instructions  given  via  a  command  language  described  later. 

The  stress-ratioing  algorithm  is  particularly  simple  but  the  principles  of  the 
system  with  regard  to  the  use  of  the  CX  file  and  the  control  program  apply  to  the  most 
elabor  -,e  configurations  of  modules.  Clearly  for  the  more  complex  optimisation  modules  the 
information  flow  between  the  modules  and  the  CX  file  is  similarly  more  complex.  For 
example,  the  Newton  based  optimisation  requires  derivatives  and  an  active  set  strategy. 

In  this  case  the  active  set  strategy  identifies  the  active  constraints  and  a  corresponding 
set  of  unit  loads  are  formed  and  stored  on  the  CX  file.  These  are  subsequently  pro¬ 
cessed  by  the  analysis  program  to  generate  displacements  needed  to  estimate  local 
derivatives.  In  this  situation  the  analysis  module  is  being  employed  in  two  modes,  a 
normal  and  a  derivative  mode.  In  the  former  mode  the  module  creates  the  global  stiffness 
matrix  of  the  structure  using  a  current  set  of  design  variables  and  computes  the  displace¬ 
ments,  etc,  for  the  set  of  actual  specified  design  loads  originally  placed  on  the  CX  file 
by  the  structural  input  module.  In  the  latter,  derivative  mode,  the  analysis  module  uses 
the  established  global  stiffness  matrix  to  compute  the  displacements  for  the  unit  loads 
corresponding  to  the  active  constraints.  In  order  to  distinguish  between  these  two  modes 
some  form  of  switching  operation  is  required  and  this  is  achieved  through  the  use  of 
control  variables.  These  variables  are  also  used  to  perform  a  variety  of  other  switching 
activities  to  provide  a  highly  flexible  program  structure. 


CONTRL 


CX  file 


Fig  3  Schematic  of  modules  and  CX  file  for  stress-ratlolng 


A  large  number  of  modules  can  now  operate  independently,  communicating  with  each 
other  through  the  CX  file.  Clearly  an  extensive  range  of  modules  can  be  linked  through 
this  system  and  the  full  list  for  the  RAE  package  is  given  in  Appendix  A  with  a  summary  in 
Fig  4.  These  fall  into  several  distinct  categories;  input/output ,  analysis,  derivative 
calculation,  optimisation,  optimisation  control,  convergence  and  active  set  strategy. 
Because  the  optimisation  and  duality  methods  can  be  programmed  as  independent  modules 
several  of  the  methods  can  be  used  in  the  solution  of  a  design  problem.  It  might  be 
advantageous  for  a  problem  containing  both  stress  and  displacement  constraints  to  begin 
the  solution  process  by  using  the  stress-ratioing  algorithm  and  changing  to  a  more  complex 
method  at  some  stage  during  the  iteration  history.  Such  a  blend  incorporates  the 
stability  and  robustness  of  the  stress-ratioing  method  with  the  ability  of  an  algorithm 
such  as  the  Newton  technique  to  actually  locate  the  solution.  The  transition  from  one 
optimisation  method  to  another  can  be  made  automatically  through  the  intervention  of  one  of 
the  optimisation  control  and  convergence  modules  or  can  be  done  by  operator  intervention. 


Category  Input/ 
of  module  output 


Module 


Analysis 


In-house  RAE 


In-house  BAe 
(FIESTA,  OENDISP, 


NASTRAN 


Active  set  Optimisation 
Derivative  Optimisation  atrate*v  control  and 

convergence 


Fig  4  SwiMry  of  package  nodules 


A  further  advantage  of  the  inherent  flexibility  of  the  automated  design  package 
lies  in  the  ability  to  change  the  analysis  program  forming  the  analysis  module.  In  its 
original  form  the  package  uses  a  simple  in-house  analysis  program  developed  at  RAE  for 
the  solution  of  small-scale  structural  analysis  problems.  Subsequent  development  has 
produced  interface  programs  to  allow  other  analysis  systems  to  communicate  with  the  CX 
file.  In  particular  a  variety  of  analysis  programs  devised  and  used  in  the  British 
Aerospace  Industry  have  been  interfaced  with  the  package.  A  further  recent  development 
allows  the  use  of  NASTRAN  as  the  analysis  module  though  not  all  the  facilities  of  this 
analysis  system  can,  at  this  stage,  be  exploited  by  the  optimisation  modules. 

4  COMMAND  LANGUAGE 

As  we  indicated  in  the  previous  section  the  scheduling  of  the  modules  for  a 
particular  problem  is  specified  by  the  user  at  run  time  via  the  oomand  language.  The  rules 
of  the  command  language  have  been  kept  as  straightforward  as  possible  so  that  it  is  quick 
and  easy  to  learn.  The  input  cards  specifying  the  optimisation  scheme  in  terms  of  the 
command  language  are  known  as  oomand  data  oarde. 

The  user  may  reference  a  number  of  control  variables  within  the  command  language 
which  were  referred  to  in  the  last  section.  These  control  variables  are  set  by  the 
package  during  a  run  and  each  variable  has  been  given  an  appropriate  four-character  name. 
For  example,  the  package  sets  the  control  variable  called  ENDT=  YES  when  the  changes  in 
the  trial  solutions  between  two  iterations  do  not  exceed  a  suitable  tolerance.  A  suitable 
command  data  set,  therefore,  for  the  stress-ratioing  algorithm  of  Figs  2  and  3  is  given  by: 


START 

COMMAND  DATA 

DO  STIN; 

DO  CONS; 

L001:  DO  ANAL; 

DO  CONV ; 

IF  (ENDT  .  EQ  .  YES)  GO  TO  L002; 
DO  FULL; 

GO  TO  1.001; 

L002 :  STOP; 

END  ; 


This  example  clearly  indicates  the  simplicity  of  the  command  language  and  ease  with 
which  it  can  be  read,  interpreted  and  understood.  In  order  to  enact  these  commands  the 
command  language  first  calls  the  compilation  module  to  read  and  interpret  the  command  data 
cards. 


Although  the  example  given  above  is  particularly  simple  it  does  contain  many  of  the 
main  elements  available  in  the  command  language  and  indicates  the  broad  divisions  into 
which  the  language  falls.  First  of  all  the  input  consists  of  a  directive  card  in  this 
case  START  which  indicates  that  a  completely  new  problem  is  being  initiated.  However, 
other  alternatives  allow  a  previously  saved  CX  file  to  be  restarted  either  with  the 
original  command  data  set  or  with  a  new  command  data  set  of  cards.  This  is  achieved 
through  the  use  of  RESTORE  and  RESUME  commands  either  with  or  without  additional  commands 
as  indicated  in  Appendix  B.  With  the  aid  of  such  directive  cards  the  user  can  guard 
against  the  loss  of  expensively  created  information  should  the  computer  fail  during  a  run 
and  in  this  way  the  optimisation  package  mimics  the  procedures  used  in  commercial  finite 
element  systems.  However,  it  has  the  more  important  use  of  permitting  a  user  the  privilege 
of  stopping  the  program  so  that  intermediate  results  can  be  examined  and  then  allowing  a 
re-start  with  a  new  optimisation  module. 

The  directive  cards  are  followed  by  the  remaining  statements  which  constitute  the 
complete  command  data  set.  Within  the  language  being  described  a  statement  has  the 
general  form: 


£2D!5i£i2EJ_EES£i2  verb  SUglif ier^s)  ;  comment 


where  the  dotted  line  denotes  that  the  entry  is  optional.  Thus  the  statements,  forming 
the  stress-ratioing  example,  constitute  satisfactory  statements  as  described  by  the  above 
definition.  In  that  example  L001  is  a  label,  DO  and  GOTO  represent  verbs,  and 
IF  (ENDT.  EQ  .  YES)  is  a  conditional  prefix  where  ENDT  is  a  control  variable  being  tested. 

In  addition  to  making  the  condition  prefix  test  a  logical  expression  containing  a  control 
variable  it  is  also  possible  to  use  an  internal  flag  and  several  of  these  are  provided 
under  user  control.  A  variety  of  verbs  such  as  DO,  SET,  SAVE,  STOP,  etc,  are  available, 

SAVE  being  especially  important.  Through  SAVE  a  user  can  preserve  the  current  information 
on  the  CX  file  together  with  all  status  data  necessary  for  a  re-start.  Also  there  exists 
a  procedure  declaration  PROC  which  allows  a  collection  of  statements  within  a  command 
data  set  to  be  defined  as  a  single  entity.  Thus  a  sequence  of  commands  which  a.e  frequently 
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repeated  in  a  given  data  set  are  collected  together  under  a  procedure  name  and  then 
called  from  the  main  command  sequence  as  appropriate,  viz 

START  . 

DO  NAME; 

DO  NAME; 

DO  NAME; 

PROC  NAME; 

statements 

END  NAME; 

The  command  data  set  is  then  read  in,  checked  and  compiled  in  the  form  of  a  table  for 
interpretive  execution.  Once  the  program  has  been  initiated  the  following  information  is 
held  on  the  CX  file: 

the  compiled  command  data  set, 

the  current  status  of  the  command  data  set  under  execution, 
the  current  status  of  the  control  variables  and  flags. 

The  subsequent  movement  of  information  is  then  controlled  by  the  user  through  the  command 
data  set . 

Once  a  particular  scheme  has  been  developed,  which  may  employ  several  of  the  optimi¬ 
sation  modules  and  convergence  techniques,  the  compiled  command  data  may  be  stored  as  a 
method  on  a  library  file.  Such  a  method  must  be  given  an  eight -character  alphanumeric 
name  which  is  used  to  reference  the  method  in  future  runs.  The  difference  between  thiB 
and  the  standard  approach  is  that  the  control  program  now  copies  the  compiled  command  data 
and  the  control  variable  variables  from  the  library  file  to  the  CX  file  before  starting 
to  execute  the  method.  In  many  ways,  therefore,  a  'method'  is  similar  in  philosophy  and 
use  to  the  'rigid  format'  scheme  used  in  several  of  the  generally  employed  finite  element 
analysis  systems. 

5  EXAMPLES 

In  order  to  illustrate  how  the  operation  of  this  structural  optimisation  package 
might  be  applied  in  a  design  situation  we  turn  to  the  minimum  weight  of  a  structure 
subject  to  stress  and  other  constraints.  For  large  scale  problems  the  designer  would 
now  be  confronted  with  a  large  number  of  stress  constraints  and  possibly  a  much  smaller 
number  of  (say)  displacement  constraints.  It  would  be  clearly  very  time-consuming  and 
thus  expensive  to  immediately  employ  a  complex  optimisation  method  taking  account  of  all 
these  constraints  starting  from  an  arbitrary  feasible  initial  design.  Intuitively  the 
design  engineer  would  want  to  employ  a  simple  method  for  initial  sorting  and  traditionally 
one  uses  the  stress-ratioing  method  on  the  stress  constraints  until  either  a  fully- 
stressed  design  is  reached  or  the  technique  becomes  inappropriate  due  to  the  effect  of  the 
remaining  constraints.  As  we  indicated  earlier  at  this  point  in  the  iteration  history 
the  designer  must  change  to  one  of  the  more  comprehensive  optimisation  methods  in  order 
to  converge  on  the  required  optimum  design. 

The  optimisation  system  described  has  the  capability  to  perform  this  type  of  auto¬ 
mated  design  process  and  can  be  commanded  to  perform  this  task  by  a  suitable  command  data 
set.  In  essence  such  a  set  augments  the  rather  simple  example  given  earlier  and  may  be 
conveniently  described  as  a  series  of  steps: 

STEP  1:  Input  the  initial  design  variables,  structural  geometry,  constraints  etc, 
and  because  the  problem  is  large  this  should  be  saved, 

DO  CONS; 

DO  STIN; 

SAVE  ; 

STEP  2:  A  maximum  number  of  iterations  must  now  be  set,  the  initial  structure 
analysed  and  the  print  option  APRT  arranged  to  output  the  results, 

SET  MXIT  =  10; 

SET  APRT  =  YES; 

DO  ANAL; 

STEP  3:  The  stress  ratioing  part  of  the  algorithm  is  now  entered  and  the  iteration 
counter  is  updated  by  ITER.  After  the  streBS-ratioing  has  been  performed  by  the  module  FULL 
and  the  results  examined,  two  completion  tests  are  performed  by  the  convergence  module  to 
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decide  if  the  stress-ratioing  algorithm  should  be  abandoned.  These  check  that  the  number 
of  iterations  have  exceeded  a  set  limit  of  five  or  that  the  rate  of  change  of  the 
structural  weight  from  one  iteration  to  the  next  has  fallen  below  a  pre-set  limit.  If  the 
answer  to  either  of  these  questions  is  yes  the  stress-ratioing  algorithm  is  abandoned. 
Otherwise  the  answers  so  far  are  output  through  INSP  and  we  continue  stress-ratioing 

L101 :  DO  ITER; 

DO  PULL,  ANAL; 

DO  CONV ; 

IP  (NOIT  .  GE  .  5)  GOTO  L102; 

IP  (ENDT  .EQ  .  YES)  GOTO  L102; 

DO  INSP; 

GO  TO  L101 

STEP  4:  Simplicity  is  the  reason  for  selecting  stress-ratioing  as  the  starting 
algorithm  and  it  is  clearly  inappropriate  to  add  to  this  the  complexity  of  duality  cal¬ 
culations  which  require  expensive  derivatives.  However,  when  the  simple  algorithm  is 
abandoned  the  argument  no  longer  applies  and  we  may  now  turn  to  the  dual  before  advancing 
further  along  the  solution  path.  This  is  done  by  recourse  to  the  procedure  OPTX,  which 
is  described  later,  and  because  the  dual  provides  information  which  may  cause  us  to 
abandon  the  run  it  is  convenient  to  pause  at  this  juncture  giving  time  for  thought  -  this 
is  achieved  through  the  SUSPEND  directive.  A  flag  FL01  is  also  set  to  avoid  an  unwanted 
analysis : 

L102 :  ON  FL01; 

DO  OPTX; 

OFF  FL01; 

SUSPEND; 

SAVE  ; 

STEP  5:  If,  after  having  examined  the  information  generated,  it  is  decided  that 
further  progress  towards  the  optimum  is  required  we  turn  to  the  quasi-Newton  technique 
described  in  section  2.  The  duality  information  and  analysis  data  are  supplied  again 
through  OPTX  and  termination  occurs  if  the  duality  gap  is  sufficiently  small  through  ENDC 
or,  if  the  number  of  iterations  exceed  10,  through  ENDI . 

L001:  DO  ITER; 

DO  QNEW; 

DO  OPTX; 

DO  INSP; 

IF  (ENDC  .  EQ  .YES)  GOTO  L002 ; 

IF  (ENDI  .EQ  .YES)  GOTO  L003; 

SAVE; 

GO  TO  L001; 

LOO  2  :  DISPLAY  'CONVERGENCE  SATISFIED'; 

STOP; 

L003:  DISPLAY  'MAXIMUM  ITERATIONS  EXCEEDED'; 

STOP; 

END  ; 

STEP  6:  In  the  above  the  procedure  OPTX  is  used  on  several  occasions  and  this 
performs  several  operations: 

(i)  If  the  flag  is  set  a  standard  analysis  is  performed  and  the  results  printed. 

(ii)  The  active  constraints  are  selected  and  hence  the  appropriate  derivatives 
which  are  to  be  calculated  indicated.  The  corresponding  pseudo  or  unit 
loads  are  set  up  by  PSEU. 

(iii)  The  module  ANAL  is  used  to  re-analyse  the  pseudo-load  cases  by  setting 

ALOO  =  DERV  ; 

(iv)  The  derivatives  are  then  calculated  and  the  module  CONV  used  to  check  for 
convergence  of  the  solution. 


The  command  data  cards  to  define  this  procedure  are: 
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PROC  OPTX; 

IP  (FL01)  00  TO  L010; 

SET  A  LOO  =  NORM; 

SET  APRT  =  YES; 

DO  ANAL; 

L010:  DO  PNAD; 

DO  PSEU; 

SET  ALOG  =  DERV; 

SET  APRT  =  NO; 

DO  ANAL; 

DO  DERV; 

DO  CONV ; 

END  OPTX; 

The  input  data  cards  for  the  control  program  for  this  optimisation  scheme  are  given  in 
Table  1. 

Now  that  we  have  set  up  a  suitable  command  set  for  a  mixed  optimisation  scheme  we 
can  consider  specific  examples.  We  begin  by  looking  at  the  minimum  weight  design  of 
the  well  known  25  bar  tower  subject,  in  this  case,  to  two  load  cases  and  constrained  by 
stress  and  displacement  limits  and  shown  in  Fig  5.  The  loads  and  constraints  are  given 
in  Table  2.  The  results  are  shown  in  Fig  6  which  indicates  the  variation. of  normalised 
structural  weight  W/W*  (where  W*  represents  the  optimum  weight)  with  iteration 
history.  Where  appropriate  both  primal  and  dual  estimates  to  the  optimum  weight. are 
given.  The  optimum  design  process  starts  by  employing  the  stress-ratioing  algorithm  until 
the  normalised  structural  weight  attains  0.922  units.  At  this  point  the  displacement 
constraints  are  incorporated  and  the  associated  feasible  design  generated  m.the  procedure 
OPTX  gives  a  primal  weight  estimate  of  W/W*  =  1.055.  Following  the  instructions  of  the 
command  data  set  the  program  calculates  a  value  for  the  dual  objective  function  which 
gives  a  lower  bound  estimate  W/W*  =  0.993  and  constitutes  a  sufficiently  large  duality  gap 
for  the  SUSPEND  command  to  be  overriden  by  the  user  issuing  a  RESUME  directive.  The  qua si - 
Newton  method  then  comes  into  play  and  progress  towards  the  optimum  design  resumes  with 
the  associated  dual  bound  being  calculated  at  each  iteration. 


Fig  5  The  25 -bar  tower  configuration 
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Fig  6  Iteration  history  for  75 -bar  tower  using  both  stress-ratioing  and  quasi-Newton 
algorithms  to  generate  an  optimum  design 


A  second  example  which  can  be  used  with  this  command  data  set  is  concerned  with  the 
design  of  structures  subject  to  both  stress  and  displacements  constraint  under  static 
and  dynamic  loads.  The  structure  is  shown  in  Fig  7  and  initially  the  bars  are  sized  to 
carry  the  static  loads  of  5P  horizontally  and?  as  a  separate  load  case,  3P  vertically. 
After  the  initial  sizing  using  the  stress-ratioing  method  has  been  completed  a 
vibrational  load  is  applied  horizontally  at  node  26  as  shown  in  the  figure  with  a  forcing 
frequency  n  chosen  to  lie  between  the  second  and  third  modes  of  the  structures.  In 
order  to  preserve  the  static  strength  achieved  by  the  stress-ratioing  method  appropriate 
gauge  constraints  are  involved  and  the  complete  solution  to  our  problem  achieved  by  using 
the  quasi-Newton  method.  The  forcing  frequency  is  just  less  than  the  torsional  mode  and 
gives  the  largest  deflections  at  the  top  of  the  tail  which  is  controlled  by  the  computer 
program  by  increasing  the  torsional  rigidity  of  the  structure.  This  is  achieved  by 
increasing  both  the  thickness  of  the  cross-bracing  on  the  underside  near  the  support  and 
the  cross-section  of  the  outer  longerons  along  the  entire  length  of  the  tail.  The  primal- 
dual  values  associated  with  the  quasi-Newton  iterations  are  shown  in  Fig  8.  The  variation 
of  natural  frequencies  before  and  after  the  optimisation  process  are  shown  in  Fig  9. 

Other  examples  of  this  type  of  problem  involving  vibrational  responses  have  been  pre¬ 
sented  previously  by  Bartholomew  [Ref  51  . 
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CONCLUSION 


The  design  engineer  wishing  to  exploit  the  computer  for  automated  structural  design 
yet  not  wanting  to  become  a  sophisticated  user  can  achieve  this  objective  by  using  the 
optimisation  package  outlined  in  section  2  through  5.  A  flexible  command  language  allows 
the  exploitation  of  a  variety  of  optimisation  methods  which  can  be  initiated  and  changed 
at  the  beginning  or  during  a  specific  solution.  Not  only  are  optimum  designs  sought  by 
the  program  but_a_wi.de  range  of  monitoring  or  bounding  techniques  are  available  to  the 
user.  The  flexibility  of  the  system  is  further  advanced  by  the  interfacing  of  the  basic 
program  with  a  selection  of  important  structural  analysis  computer  programs.  The  complete 
systemthereby  providing  an  extensive  facility  which  can  be  regarded  as  a  device  for 
obtaining  optimum  structural  designs  or  a  convenient  technique  for  creating  satisfactory 
designs  with  complex  or  apparently  conflicting  requirements. 
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Appendix  A 
PACKAGE  MODULES 


A.l  Input  modules 

A. 1.1  CONS  -  constraint  input 

This  module  reads  in,  prints  and  stores  on  the  CX  file  all  data  on  the  constraints 
of  the  problem.  The  constraints  consist  of: 

(i)  Lower  and  upper  bounds  on  the  displacements  at  specified  nodes. 

(ii)  Lower  and  upper  bounds  on  the  stresses  in  specified  elements. 

(iii)  Lower  and  upper  bounds  on  the  values  of  the  design  variables. 

The  program  allows  a  sub-set  of  the  constraints  to  be  specified  as  belonging  to 
the  initial  active  set. 

This  module  also  reads  in,  prints  and  stores  initial  values  for  all  of  the  design 
variables. 

The  details  of  the  required  card  input  formats  are  described  in  Appendix  B. 

The  nodes  must  be  numbered  in  an  unbroken  sequence  from  1  to  number  of  nodes. 
Similarly,  the  elements  must  be  numbered  from  1  to  number  of  elements. 

Once  the  user  has  specified  a  constraint  on  a  particular  node  or  element  a  state¬ 
ment  of  the  form: 

LIKE  node/element  IS/ARE  n^  -  n2,  n,  -  n^,  ... 

may  be  used  to  specify  nodes/elements  which  are  similarly  constrained. 

A. 1.2  STIN  -  structural  input 

This  module  reads  in,  checks,  prints  and  stores  on  the  CX  file  all  the  data 
required  to  define  a  loaded  structure  of  bars  in  order  to  perform  a  structural  analysis. 

The  input  data  consists  of: 

(i)  node  co-ordinates 

(ii)  element  specifications 

(iii)  material  properties 

(iv)  fixed  nodes 

(v)  loadings  for  several  load  cases. 

An  element  may  be  associated  with  a  material  code  which  in  turn  has  an  associated 
value  of  cross-section,  elasticity  and  design  variable.  Alternatively  values  of  these 
may  be  specified  for  each  element. 

Thi3  module  also  computes  and  stores  on  the  CX  file  element  lengths  and  direction 
cosines.  A  warning  is  printed  for: 

(i)  any  node  which  does  not  appear  in  an  element  specification; 

(ii)  any  node  which  appears  in  only  one  element,  as  a  check  on  isolated  elements. 

Alternative  input  modules  are  employed  in  the  case  of  the  other  analysis  systems 
which  can  be  used  by  the  automated  design  package. 

A. 2  Structural  analysis  modules 

A. 2.1  ANAL  -  structural  analysis 

This  analysis  module  may  be  used  in  either  of  two  modes,  depending  on  the  value  of 
the  control  variable  ALOG: 

(i)  If  ALOG  =  NORM,  the  module  forms  the  global  stiffness  matrix  of  the  current 
structure  and  computes  the  displacements  and  stresses  for  the  set  of  load 
cases  specified  as  part  of  the  structural  input. 

(ii)  If  ALOG  =  DERV,  the  module  uses  the  established  global  stiffness  matrix  and 
computes  the  disolacements  for  a  specified  set  of  load  cases.  This  mode  is 
used  to  calculate  pseudo-displacements  from  pseudo-loads  during  the  calcula¬ 
tion  of  derivatives. 

The  global  stiffness  matrix  is  symmetric  large  and  sparse.  However,  by  a  suitable 
numbering  of  the  nodes,  the  non-zero  elements  can  be  made  to  cluster  around  the  main 
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diagonal.  The  matrix  can  then  be  stored  in  a  compact  form  called  symmetric  banded. 
Since  the  matrix  is  positive  definite,  it  can  be  factorised  in  the  form: 

K  =  LLT 


and  it  is,  in  fact,  L  which  is  stored  on  the  CX  file  for  use  in  the  solution  for  subse¬ 
quent  load  cases. 

The  calculated  displacements  and  stresses  are  stored  on  the  CX  file,  and  are 
printed  if  control  variable  APRT  =  YES. 

A. 3  Optimisation  control  modules 

A. 3.1  CONV  -  convergence  test 

This  module  tests  for  convergence  of  the  trial  solution  to  the  optimal  solution 
as  follows: 

(i)  Module  FEAS  is  called  to  calculate  the  scale  factor,  s  ,  which,  when 
applied  to  each  design  variable  gives  a  structure  that  is  just  feasible. 

(ii)  Module  LPBO  is  called  to  solve  the  linear  programming  problem  defined  in 
section  2.4. 

(iii)  The  results  from  (i)  and  (ii)  are  used  to  estimate  the  primal  weight,  Ws  , 
and  the  dual  weight,  W2/F  .  If  the  difference  between  these  estimates  is 
less  than  the  tolerance  defined  by  control  variable  TGAP,  the  module  sets 
control  variable  ENDC  =  YES. 

(iv)  If  the  change  in  the  primal  weight  is  less  than  the  tolerance  specified  by 
control  variable  TPWT,  then  the  module  sets  control  variable  ENDP  =  YES. 

The  change  in  the  primal  weight  is  defined  as: 

Ws  -  W's' 

Ws 


where  Ws  is  the  current  primal  weight  and  W's’  is  the  previous  primal 
weight . 

(v)  If  the  change  in  the  trial  solution  is  less  than  the  tolerance  specified  by 
control  variable  TTRI,  then  the  module  sets  control  variable  ENDT  =  YES. 

The  change  in  the  trial  solution  for  a  particular  design  variable  is  defined 
as : 


where  Z,  is  the  current  value,  and  Z^  the  previous  value.  The  change  in 
the  trial  solution  must  be  less  than  the  tolerance  for  all  design  variables, 
for  the  module  to  set  ENDT  =  YES. 

A. 3. 2  DERV  -  compute  derivatives 

This  module  calculates  the  derivatives  of  the  constrained  values  with  respect  to 
changes  in  the  design  variables,  3g./3z.  ,  using  the  results  of  an  analysis  with  the 
pseudo-loads  set  up  by  module  PSEU.  J 

A. 3. 3  DRSR  -  directed  search  optimisation 

This  module  executes  a  non-linear  optimisation  algorithm  due  to  Beale.  The  method 
is  an  approximation  programming  method  and  uses  series  of  conjugate  gradient  search 
directions,  where  possible,  for  moving  towards  an  optimum  point. 

Line  searches  are  achieved  by  analysing  the  solutions  of  a  series  of  sub-problems 
which  approximate  the  true  problem.  Linear  approximations  are  made  to  the  true  con¬ 
straints  and  limits  are  imposed  on  the  extent  to  which  variables  may  depart  from  their 
trial  values.  Each  sub-problem  produces  an  optimum  value  of  the  true  objective  function, 
but  with  only  local  validity. 

Variables  having  non-zero  reduced  costs  in  a  sub-problem  are  defined  as 
'independent  variables'.  The  objective  function  may  be  regarded  as  a  function  of  these 
independent  variables  and  their  reduced  costs  are  the  negative  components  of  the  objective 
function  gradient  at  the  current  trial  solution.  Any  gradient  based  standard  technique 
for  unconstrained  optimisation  can  now  be  used  to  select  a  suitable  new  trial  ;vir'  fnj- 
the  next  local  optimisation.  The  particular  technique  used  in  this  imp lement a* i  n  •>, 
conjugate  gradient  method  which  has  good  theoretical  convergence  properties 
requiring  the  storage  of  any  square  matrices. 

Sub-problems  are  solved  using  module  Nl.OF  which  mur*  n  ;  r  v .  !«•  •  ■  •  * 
approximations  to  all  constraints.  Since  it  is  expensive  ■  r*  • 

coefficients  before  each  sut  -problem  !  s  r  1  vr  i ,  •«  t  r ;  •  .  *  i*  • 
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All  constraints  are  approximated  initially,  using  modules  PSEU,  ANAL,  DERV  (scheduled 
automatically).  Subsequently  constraints  are  re-computed,  either  (a)  when  they  were 
active  in  the  last  sub-problem  or  (b)  when  they  were  shown  to  be  active  after  re-analysis 
of  the  structure  at  a  new  trial  point. 

It  is  necessary  to  set  control  variables  initially  as  follows: 

IDSR  »  YES  Flag  directed  search  method. 

IFEZ  =  2  Initialise  the  indicator  of  the  feasibility  of  the  previous 
local  optimisation  as  'feasible*. 

ISCG  =  3  Use  unsealed  gradients  as  basis  for  conjugate  directions. 

A. 3. 4  FEAS  -  compute  feasible  scale  factor 

This  module  calculates  the  scale  factor  which  when  applied  to  each  design  variable 
gives  a  structure  that  is  just  feasible.  The  scale  factor  is  defined  as: 

—  t displacement  value  stress  value  | 

maximum  j displacement  limit  *  stress  limit  j 

for  all  constraints  in  the  active  set. 

A. 3. 5  FULL  -  fully  stressing 

This  module  scales  all  the  design  variables  to  give  a  fully  stressed  structure, 
and  writes  the  new  design  variables  to  the  CX  file. 

The  scale  factor  for  design  variable  Z&  is: 

_ , _  j stress  value f 

maximum  j  stress  limit j 

for  all  stress  constraints  on  elements  with  associated  design  variable  Za  . 

If  the  scaled  value  of  a  design  variable  is  less  than  the  lower  limit  on  that 
design  variable,  the  new  value  will  be  set  equal  to  the  lower  limit.  Similarly,  if  the 
scaled  value  is  greater  than  the  upper  limit,  the  new  value  will  be  set  equal  to  the 
upper  limit . 

A. 3. 6  INSP  -  optimisation  report 

This  module  prints  an  optimisation  report  giving  the  following  information: 

(i)  values  of  the  design  variables,  Zg  ; 

(ii)  actual  weight; 

(iii)  feasible  weight  (primal  weight); 

(iv)  dual  weight; 

(v)  values  of  the  dual  variables; 

(vi)  details  of  the  constraints  in  the  active  set  including  lower  and  upper 
bounds,  current  value,  etc. 

A. 3. 7  ITER  -  iteration  count 

Thi3  module  increases  the  number  of  iterations  by  one  and  tests  whether  the  number 
of  iterations  now  equals  the  maximum  number  of  iterations. 

The  number  of  iterations  is  stored  in  control  variable  NOIT  and,  if  the  maximum 
number  of  iterations  has  been  reached,  the  module  sets  control  variable  ENDI  =  YES. 

This  module  also  prints  the  iteration  number  so  that  the  iterations  may  be 
identified. 

A. 3. 8  LPBO  -  lower  bound  on  dual  weight 

This  module  solves  the  linear  programming  problem  defined  in  section  2. A.  The  new 
values  for  the  Lagrange  multipliers  and  the  value  of  the  objective  function,  F  ,  are 
stored  on  the  CX  file. 


A. 3. 9  OPCN  -  optimisation  control 

This  module  co-ordinates  several  modules  which  together  control  the  optimisation 
according  to  the  user's  specification  as  follows: 

(i)  If  the  number  of  iterations  is  not  equal  to  zero,  module  INSP  is  called  to 
print  an  optimisation  report. 

(ii)  Module  ITER  is  called  to  update  the  iteration  count. 


(ill)  If  control  variable  IFSC  -  YES,  module  SCAL  is  called  to  Beale  the  current 
design. 

(iv)  If  control  variable  DECI  =  SETA,  module  SETA  is  called  to  set  details  of  the 
initial  active  set.  Otherwise,  if  control  variable  DECI  =  PNAD,  module 
PNAD  is  called  to  add  constraints  that  have  recently  been  violated  to  the 
active  set. 

(v)  Nodule  PSEU  is  called  to  calculate  the  pseudo-loads. 

(vi)  Module  ANAL  is  called  to  calculate  the  pseudo-displacements. 

(vii)  Module  DERV  is  called  to  calculate  the  derivatives  of  the  constrained 

values  with  respect  to  changes  in  the  design  variables. 

(viii)  Module  CONV  is  called  to  test  for  convergence  of  the  trial  solution  to  the 
optimal  solution. 

A. 3. 10  PSEU  -  computer  pseudo-loads 

This  module  sets  up  the  pseudo-loads  to  be  applied  to  the  structure  in  order  to 
calculate  the  derivatives  of  constrained  values  with  respect  to  changes  of  the  design 
variables. 

For  displacement  constraints,  a  unit  load  is  applied  at  the  node  in  the  X,  Y  or  Z 
direction  as  appropriate. 

For  bar  elements  with  stress  constraints,  a  unit  load  is  applied  at  each  end  node, 
in  the  direction  away  from  the  element,  as  shown  below. 


UNIT  LOAD 


UNIT  LOAD 


More  complicated  elements  are  handled  in  an  analogous  manner.  However,  for  any  fixed 
nodes,  the  components  of  the  unit  loads  in  the  fixed  directions  will  be  reset  to  zero. 

A. 3. 11  SCAL 

This  module  uses  the  dual  variables  to  compute  a  scale  factor  and  then  scales  the 
current  design  accordingly. 

The  scale  factor  is  defined  as  Sj/Sj  where 

s,  -  £  dual  variable  *  displacement  or  stress  value 

s2  =  ^  dual  variable  *  displacement  or  stress  limit 

and  the  summation  is  over  all  constraints  in  the  active  set. 

A. 4  Active  set  strategy  modules  ' 

A. 4.1  PNAD  -  add  to  active  set 

This  module  adds  constraints  that  have  recently  been  violated  to  the  active  set. 
A. 4. 2  REMO  -  remove  from  active  set 

This  module  removes  constraints  from  the  active  set  for  which  the  dual  variable, 
x.  ,  is  less  than  or  equal  to  zero. 

J 

A. 4. 3  SETA  -  initial  active  set 

This  module  sets  the  sense  of  activity  of  the  constraints  in  the  initial  active 
set,  and  so  should  be  called  after  the  normal  analysis  of  the  initial  structure. 


A. 5  Local  optimisation  modules 
A. 5.1  PULL  -  fully  stressing 

This  module  was  described  as  an  optimisation  control  module  in  section  2.2,  and 
it  may  also  be  used  as  a  local  optimisation  module. 

A. 5. 2  NLOP  -  non-linear  optimisation 

This  module  uses  the  non-linear  optimisation  algorithm  due  to  Beale  and  writes 
the  new  values  for  the  design  variables  and  the  dual  variables  to  the  CX  file. 

A. 5. 3  OPCR  -  optimality  criterion  step 

This  module  carried  out  an  optimality  criterion  step,  as  defined  in  section  2.2. 
The  new  values  for  the  design  variables  are  stored  on  the  CX  file.  If  control  variable 
IPEV  *  YES,  this  module  uses  Berke's  envelope  method  to  accelerate  convergence  to  the 
optimum  solution.  The  exponential  factor  is  set  by  the  user  in  control  variable  ENVF. 

A. 5. 4  QNEW  -  Newton  step 

This  module  carries  out  a  Newton  step  as  defined  in  section  2.3,  and  writes  the 
new  values  for  the  design  variables  and  the  dual  variables  to  the  CX  file.  Module  REMO 
is  then  called  to  remove  constraints  from  the  active  set  for  which  the  dual  variable, 

X.  ,  is  now  less  than  or  equal  to  zero. 

J 
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Appendix  B 
DIRECTIVE  CARDS 


The  directive  cards  define  the  type  of  run,  as  described  in  the  table  below. 


Directive  cards 

Type  of  run 

1 

START 

COMMAND  DATA 

Start  a  problem  from  scratch,  using  the 
command  data  given  on  the  cards  that  follow. 

2 

RESTORE 

Restore  the  CX  file,  ie  copy  the  CX  save  file 
to  the  CX  file,  and  continue  from  the  save 
point,  using  the  existing  command  data. 

3 

RESUME 

Run  with  the  current  CX  file  and  continue  from 
the  suspend  point,  using  the  existing  command 
data. 

4 

RESTORE 

COMMAND  DATA 

Restore  the  CX  file  and  run  using  the  new 
command  data  given  on  the  cards  that  follow. 

5 

RESUME 

COMMAND  DATA 

Run  with  the  current  CX  file  using  the  new 
command  data  given  on  the  cards  that  follow. 

6 

START 

METHOD  xxxxxxxx 

Start  a  problem  from  scratch  using  the  method 
called  xxxxxxxx. 

7 

RESTORE 

METHOD  xxxxxxxx 

Restore  the  CX  file  and  run  using  the  method 
called  xxxxxxxx. 

8 

RESUME 

METHOD  xxxxxxxx 

Run  with  the  current  CX  file  using  the  method 
called  xxxxxxxx. 

9 

INSERT 

METHOD  xxxxxxxx 

Insert  the  method  called  xxxxxxxx,  as  defined 
by  the  command  data  cards  that  follow,  on  the 
library  file. 

10 

REPLACE 

METHOD 

Replace  the  method  called  xxxxxxxx  on  the 
library  file.  The  new  version  of  this  method 
is  defined  by  the  command  data  cards  that 
follow. 
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Table  1 

COMMAND  DATA  FOR  STRESS-RATIOINO  AND  QUASI-NEWTON  METHODS 
START 

COMMAND  DATA  SET 

SET  PRCX  =  YES; 

DO  STIN; 

DO  CONS; 

SAVE; 

SET  MXIT  =  10; 

SET  APRT  =  YES; 

L101 :  DO  ITER; 

DO  FULL,  ANAL; 

DO  CONV; 

IF  (ENDT.  EQ.  YES)  QO  TO  L102; 

IF  (NOIT .  QE.  3)  00  TO  L102; 

DO  INSP; 

00  TO  L101; 

L102:  ON  FL01; 

DO  OPTX; 

DO  INSP; 

OFF  FL01; 

SUSPEND; 

SAVE; 

L001:  DO  ITER; 

DO  QNEW; 

DO  OPTX; 

DO  INSP; 

IF  (ENDC.  EQ  .  YDS)  00  TO  L002; 

IF  (ENDI.  EQ.  YES)  00  TO  L003; 

SAVE; 

00  TO  L001; 

L002 :  DISPLAY  ENDC; 

STOP; 

L003 :  DISPLAY  ENDI; 

STOP; 

END; 

PROC  OPTX; 

IF  (FL01)  00  TO  L010; 

SET  ALOO  *  NORM; 

SET  APRT  =  YES; 

DO  ANAL; 

L010:  DO  PNAD; 

DO  PSEU; 

SET  ALOO  =  DERV; 

SET  APRT  s  NO; 

DO  ANAL; 

DO  DERV; 

DO  CONV; 

END  OPTX; 


Table  2 


DESIGN  DATA  FOR  25-BAR  TOWER 


Load 

Node 

X-load 

Y-load 

Z-load 

case 

Newtons 

Newtons 

Newtons 

i 

1 

4448.00 

44480.00 

-22240.00 

2 

0.00 

44480.00 

-22240.00 

3 

2224.00 

0.00 

0.00 

6 

2224.00 

0.00 

0.00 

2 

1 

0.00 

888960.00 

-22240.00 

2 

0.00 

888960.00 

-22240.00 

Young's  modulus: 
Yield  stress: 
Displacement  limits: 


99.64  GN/m2 
275.76  MN/m2 

±5.08  cm  at  all  nodes  in  all 
directions 
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SUMMARY 


This  publication  presents  am  optimization  method  according  to  which  wing  structures 
cam  be  designed  with  the  minimum  weight.  The  constraints  which  have  to  be  satisfied  in 
these  minimization  processes  require  that  the  permissible  stresses  in  the  wing  components 
are  not  exceeded.  Furthermore  the  flutter  speed  must  be  higher  than  a  given  speed.  The 
design  variables  of  the  structure  are  the  cross-seotional  areas  or  the  thicknesses  of  the 
skin  panels.  The  geometry  of  the  calculation  model  remains  unchanged. 

This  task  is  solved  by  iteration.  Starting  from  estimated  values  for  the  cross-sec¬ 
tions  the  structural  design  is  improved  from  iteration  step  to  iteration  step  until  the 
optimum  is  obtained  with  the  desired  accuracy. 

Here  the  DYNOPT  optimization  program  is  presented.  It  is  based  on  the  Finite-Ele¬ 
ment-Method  and,  within  the  actual  optimization  step,  works  according  to  the  gradient  me¬ 
thod.  The  program  sequence  is  automatic  and  does  not  require  any  intervention  by  the  user. 

The  DYNOPT  computer  program  was  applied  to  a  clamped  straight  wing.  The  wing  is  sta¬ 
tically  loaded  and  has  eccentric  masses  and  rotational  inertias  representing  rudders  and 
actuators.  These  eccentricities  ensure  the  coupling  between  the  bending  and  torsional  de¬ 
formations.  The  minimum  weight  of  the  structure  is  obtained  after  15  iteration  steps  while 
all  boundary  conditions  are  observed. 


1.  INTRODUCTION 

Regarding  the  selection  of  an  optimization  method  for  a  certain  task  it  has  to  be 
taken  into  account  that  there  are  two  kinds  of  optimization  methods  in  principles 

a)  Methods,  based  on  optimality  criteria 

b)  Mathematical  methods 

The  selection  of  a  method  from  the  two  mentioned  groups  depends  among  others  on  the  fol¬ 
lowing  aspects: 

a)  Is  the  finally  designed  structure  the  real  optimum? 

b)  Rapidity  and  safety  of  the  convergence 

c)  Amount  of  the  calculation  costs 

d)  Possibilities  to  extend  the  method  to  additional  boundary  conditions  and  design  variables 

If  those  methods  which  are  based  on  optimality  criteria  are  considered  it  can  be  said 
that  it  is  possible  that  they  lead  not  necessarily  to  the  real  optimum.  In  most  cases,  how¬ 
ever,  the  result  will  be  satisfactory.  The  best  known  optimality  criterion  is  the  fully 
stressed  design  which  is  applied  ^specially  for  the  stress  design  of  statically  and  dy¬ 
namically  loaded  structures.  It  is  presupposed  that  the  structural  weight  reaches  its  mi¬ 
nimum  when  the  stresses  in  the  components  are  as  close  as  possible  to  the  permissible  va¬ 
lues  (1). 

For  the  fulfilment  of  a  flutter  speed  restriction  with  respect  to  the  weight  minimum 
a  further  criterion  has  to  be  found.  This  means,  however,  that  the  adherence  to  different 
boundary  conditions  requires  a  sequence  of  different  iteration  processes.  This  may  adver¬ 
sely  affect  the  quality  of  the  convergence. 

The  gradient  method  is  a  mathematical  procedure  working  with  a  system  of  real  boun¬ 
dary  conditions.  Furthermore,  the  function  which  shall  become  the  minimum  is  directly  in¬ 
cluded  in  the  calculation.  This  means  that  the  optimization  problem  is  described  in  a  ma¬ 
thematically  exact  way  and  that,  in  this  form,  the  solution  in  each  iteration  step  is 
done.  The  system  of  the  boundary  conditions  may  be  composed  of  the  most  different  re¬ 
quirements  and  is  not  restricted  to  one  type  as  is  the  case  with  the  optimality  crite¬ 
ria.  In  this  case  the  restriction  system  consists  of  the  constraints  for  the  stresses  in 
the  components  and  of  the  boundary  condition  for  the  flutter  speed.  Further  boundary  con¬ 
ditions  may  be  added,  if  required,  as  far  a3  they  can  be  represented  as  functions  of  the 
design  variables  (3). 

Using  the  gradient  method  the  number  of  calculations  is  higher  than  for  the  deter¬ 
mination  according  to  an  optimality  criterion.  The  convergence  is  good,  even  if  the  sy¬ 
stem  approaches  the  real  optimum  (4) . 
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For  the  task  to  design  a  wing  structure  with  the  optimum  weight  while  the  static  and 
aeroelastic  boundary  conditions  are  fulfilled  the  gradient  method  is  suited  best.  It  is 
described  in  detail  in  the  following  paragraphs. 

2.  SYSTEM  OF  BOONDARY  CONDITIONS  AND  MINIMAL  FUNCTION 

Boundary  conditions  are  required  for  the  static  stresses  in  the  finite  elements  and 
for  the  flutter  speed.  The  structures  to  be  optimized  are  statically  loaded  by  forces  and 
moments.  This  load  is  applied  to  the  knots  of  the  calculation  model.  The  optimization  pro¬ 
blem  which,  in  general,  is  nonlinear  is  partially  linearized  if  the  gradient  method  is 
used.  For  each  improved  structural  design,  i.e.  for  each  iteration  step,  the  system  of  the 
boundary  conditions  has  to  be  established  anew  (2). 

For  this  purpose  the  limited  quantities  are  represented  as  a  function  of  the  design 
variables  x.  In  this  case  these  quantities  are  the  cross-sectional  areas  or  the  thicknesses 
of  the  flanges  and  webs  for  the  beam  elements  and  the  skin  thicknesses  for  the  membranes. 


<3  =  OtXj, 

x2 . 

. V 

T  *  T(X1# 

v 

2' 

. .  nr 

Vp-Vp  • 

v 

2 1 

. .  nr 

whereby  a  and  t  are  the  maximum  normal  stresses  and  shear  stresses  in  the  elements  and  vp 
is  the  flutter  speed  of  the  wing.  r 

For  the  formulation  of  the  minimum  condition  the  structure  weight  W  is  expressed  as 


...  ^  (2) 
the  limited  quantities  leads  to  the  gradients. 


(3) 


a  function  of  the  design  variables  x. 

W  =  W(x1 ,  Xj, 


The  application  of  the  V-operator  to 


3 

1=7 


V  =  4 


3 

3xm 


The  boundary  conditions  for  the  normal  stresses,  the  shear  stresses  and  the  flutter 
speed  can  be  represented  as  follows  in  the  form  of  matrices: 


a-’’  +  <<Va)(v+1))t  Ax(v+1)  *  oall 


,<v) 

(v) 


+  (<VT)(v+1))t  Ax(V+1) 


Sail. 


(4) 


vp(v)+  <<Vvp)(v+1>)tA*(v+1)  *  v_ 

F  ~  F  ~  Fall. 


The  same  applies  to  the  weight  function 


,(v+1) 


W<v)  +  AW(V+1) 


W<v)  +  (VW)tAx(v+1)  A  Min. 


(5) 


The  index  (v)  stands  for  the  respective  iteration  step.  The  quantity  AW  is  the  modi¬ 
fication  of  the  structural  weight,  and  Ax  is  the  vector  with  the  modifications  of  the  de¬ 
sign  variables.  ~ 


The  stress  gradient  Vo  establishes  a  relation  between  the  modifications  of  the  limi¬ 
ted  quantities  and  the  modifications  of  the  design  variables.  It  is  determined  via  the 
equation  system  of  statically  loaded  structures  and  the  deformation  gradient.  Starting 
from  the  definition  equation  system  for  statically  loaded  structures  (according  to  the 
Deformation-Element-Method) 


K  3  -  R  (6) 

the  deformation  gradient  is  obtained  by  derivation  of  the  Eq.  (6)  with  respect  to  the  de¬ 
sign  variables.  The  stiffness  matrix  K  and  the  deformation  vector  q  depend  on  the  design 
variables,  the  load  vector  R  is  constant.  The  deformation  gradient  in  the  form  of  a  matrix 
thus  reads  as  follows: 


va  «  -  if 1  vk  a 


(7) 
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The  stresses  o  in  the  element  coordinates  and  the  deformations  q  in  the  global  coor¬ 
dinates  are  connected  with  each  other  via  the  relation 

£  *  D  T  g  (8) 

The  matrix  D  is  obtained  from  the  mathematical  statement  for  the  strains  in  the  ele¬ 
ment.  The  conversion  of  the  deformations  q  from  the  basic  coordinate  system  into  the  ele¬ 
ment  coordinate  system  is  done  by  using  the  matrix  T.  For  the  spring  elements  and  the  mem¬ 
brane  elements  both  matrices  D  and  T  are  independent  of  the  design  variables  x.  The  stress 
gradient  for  these  elements  tKus  is  given  by: 

To  •  D  T  Vg  (9) 

For  the  membrane  element  the  reference  stress  is  restricted  according  to  an  energy 
hypothesis.  For  the  bending/torsion  bars  the  matrix  D  depends  on  the  design  variables  in 
those  lines,  which  contain  the  terms  for  the  calculation  of  the  shear  stresses  t. 

The  stress  gradient  for  these  elements  can  thus  be  represented  as  follows: 

Vo«DTVg+VDTg  (10) 

The  flutter  speed  v_  is  computed  according  to  the  modified  k-method.  It  is  a  reference 
value  for  the  calculation  of  gradients.  The  flutter  speed  gradient  can  be  found  by  approxi¬ 
mation  by  determining  the  differential  quotients  or,  in  the  case  of  additional  restrictive 
assumptions,  in  a  closed  form. 

3.  THE  RIGHT-HAND  SIDES  OF  THE  RESTRICTION  SYSTEM 


The  determination  of  the  gradient  matrix  is  described  in  the  paragraph  2.  This  matrix 
gives  some  information  on  the  progress  direction  and  the  progress  speed  with  which  the  li¬ 
mited  quantities  change  between  two  consecutive  iterations.  To  complete  the  boundary  con¬ 
ditions  it  is  necessary  to  introduce  the  limit  values  for  the  stresses  and  the  flutter 
speed. 


The  limited  stresses  may  result  from  compression  as  well  as  from  tensional  loads. 
Their  absolute  maximum  values  are  thus  to  be  considered  as  the  upper  and  lower  limits. 


-  °all  - 


all 


(11) 


For  the  further  computation  it  is  necessary  to  consider  the  progress  direction  of  the 
restricted  quantities  towards  the  positive  or  negative  limit. 

As  shown  by  Eq.  (4)  the  restrictions  are  inequality  relations.  They  have  to  be  con¬ 
verted  into  ar.  equation  system  by  adding  further  variables  AIT. 

With  the  definition 

<  0 

-  0  (12) 

>  0 

be  written  as  follows: 

-  o  (13) 


sign  o 


-1  ft)r  o 
0  far  o 
1  far  a 


the  right-hand  sides  of  the  stress  restrictions  can 

A o  *  sign  o  abs  £all 


For  the  conversion  of  the  boundary  conditions  into  equations  two  cases  have  to  be 
distinguished: 

a)  The  considered  stresses  are  lower  than  the  permissible  stresses 

In  this  case  the  considered  boundary  conditions  with  Eq.  (12) 
and  Eq.  (13)  can  be  written  as  follows: 


[  (Vo)1"  j  sign  (Ac) 


,o)l  . 

AS 


Ao 


b) 


The  considered  stresses  exceed  the  permissible  stresses 

For  the  respective  boundary  conditions  with  Eq.  (12)  and  Eq.  (13) 
the  following  applies: 


[ (Vo)  I  sign 


**  {£ 


Ao 


For  the  flutter  speed  boundary  condition  the  following  equation 
is  valid  at  any  case: 


I  <IV 


0,  0, 


Av_ 


VFall  '  Vf 


,  0,  -1] 


Ax  . 

<  ...rr.  >  ■ 

AJf 

.  — . 


Av. 


(14) 


(15) 


(16) 


with 


(17) 
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4.  THE  LINEAR  PROGRAMMING  PROBLEM 


The  restriction  system  according  to  Eq.  (14),  Eq.  (15)  and  Eq.  (16)  and  the  minimal 
function  according  to  Eq.  (5)  represent  a  linear  programming  problem  which  has  to  be  sol¬ 
ved  in  each  iteration  step  by  means  of  the  Simplex  algorithm.  In  the  following  text  the 
restriction  system  is  written  in  the  form 

(G)fc  Ax  -  r  (18) 

whereby  G  is  the  gradient  matrix  and  r  is  the  right-hand  side  vector. 

The  modifications  of  the  design  variables  shall  be  able  to  become  positive  as  well 
as  negative  values. 


A*u 


Ax  * 


A-ul 


(19) 


The  indices  11  and  ul  stand  for  "lower  limit"  and  "upper  limit". 

The  conditions  for  the  solvability  of  the  linear  programming  problem  are  as  follows: 

a)  The  number  of  the  design  variables  must  be  higher  than  that  of  the  definitive  equa¬ 
tions  . 

b)  The  elements  of  the  solution  vector  Ax  in  Eq.  (18)  must  be  greater  or  equal  to  0. 

Condition  a)  is  always  fulfilled  for  the  present  problem.  It  is  already  given  by  the 
fact  that  additional  variables  AX  are  introduced  due  to  the  inequalities.  Condition  b) 
has  to  be  fulfilled  by  a  transformation  since  the  values  of  the  vector  Ax.,  are  generally 
negative.  a"L 


o  *  AX  *  Axul  -  Axn  (20) 

The  solution  vector  of  the  linear  programming  problem  then  is 

AX  »  Ax  -  Ax^  (21) 

With  the  converted  design  variables  AX  the  system  of  the  boundary  conditions  can  be  writ¬ 
ten  as  follows: 


(G)fc  AX  -  X  (22) 

with 

£  =  r  -  (G)1  Axn  (23) 

For  the  minimal  function  this  conversion  is  practically  without  importance  as  only 
one  constant  value  of  the  quantity  (VWjt  Ax^i  is  added.  The  gradients  and  the  sign-de- 
pendent  progress  direction  which  are  decisive  for  the  performance  of  the  Simplex  calcu¬ 
lation  are  not  changed  by  the  conversion. 

The  boundary  conditions  in  the  transformed  design  variables  AX  represent  limitations 
for  the  space  of  the  admissible  solutions  (see  fig.  1). 

This  space  of  the  solutions  must  be  closed  and  convex.  The  objective  function  is  an 
area  which  is  shifted  towards  the  space  of  the  admissible  solutions.  The  progress  direc¬ 
tion  is  determined  by  the  demand  for  a  minimum  or  maximum  for  the  objective  function.  The 
solution  of  the  linear  programming  problem  is  achieved  when  the  objective  function  touches 
the  space  of  the  admissible  solutions  in  one  corner. 

The  simplex  algorithm  is  run  through  once  per  iteration  step.  The  results  are  correc¬ 
tion  values  AX  for  the  design  variables.  According  to  Eq.  (21)  the  solution  vector  has  to 
be  retransfonned. 


Ax  -  AX  +  Axn  (24) 

The  improved  design  variables  in  the  (v+1)th  iteration  step  then  result  in 

x  (v+1>  «  x(v)  +  Ax(v+1)  (25) 

The  modified  structural  weight  is  obtained  from  Eq.  (5) 

W(v+D  -  W(V)  +  VW*  Ax(v+1)  (26) 

The  structural  design  has  reached  its  optimum  when  the  weight  curve  over  the  itera¬ 
tions  is  horizontal  and  when  the  modifications  of  the  design  variables  have  become  small. 

In  practice  the  calculation  is  stopped  when  the  modifications  of  the  structural  weight 
and  the  design  variables  do  not  exceed  a  given  percentage. 


is  fixed  as  the  convergence  criterion  for  the  design  variables  and 


AW(V+1>  „ 

ew 


for  the  structural  weight. 

In  general  the  structural  weight  heads  monotonously  for  its  minimum.  The  course  of 
the  design  variables  can  be  a  little  more  unsteady.  In  practice  a  convergence  limit  ratio 

e 

—  of  10  has  proved  to  be  suitable. 

EW 

5.  THE  CALCULATION  PROCESS  IN  THE  DYNOPT  PROGRAM  SYSTEM 

The  DYNOPT  computer  program  uses  the  iteration  principle.  Fig.  2  shows  a  flow  diagram 
of  the  calculation  process  in  the  DYNOPT  program.  It  is  composed  of  two  main  program  parts 
The  first  part  encompasses  the  organization,  the  allocation  of  the  initial  values,  the  da¬ 
ta  input  and  processing  as  well  as  the  program  control.  The  second  part  represents  the  ac¬ 
tual  optimization  loop  which  is  run  through  once  for  each  new  structural  design.  Here,  the 
system  matrices  are  established,  the  stress  and  flutter  calculations  are  executed,  the 
stress  and  flutter  speed  gradients  are  determined  and  the  linear  programming  problem  i3 
solved.  At  the  end  of  each  optimization  loop  the  convergence  is  checked.  Should  the  linear 
programming  problem  turn  out  to  be  unsolvable  during  an  iteration  the  restriction  system 
is  revised  in  an  intermediate  step.  When  the  calculation  is  terminated  a  final  routine 
prints  the  development  of  the  stresses,  the  weight,  and  the  flutter  speed  in  the  form  of 
a  print  plot  diagram. 

6.  APPLICATION  OF  THE  DYNOPT  PROGRAM  TO  A  MODEL  WING 

The  DYNOPT  program  system  is  applied  to  a  firmly  clamped  wing  model.  The  calculation 
model  is  composed  of  six  beams  with  two  design  variables  each.  The  number  of  the  degrees 
of  freedom  is  18.  By  the  application  of  eccentric  masses  the  coupling  of  bending  and  tor¬ 
sional  deformations  is  guaranteed.  To  establish  the  system  of  restriction  the  limits  with 
respect  to  normal  stresses  and  the  shear  stresses  are  fixed.  Furthermore  the  flutter  speed 
shall  be  greater  than  300  m/sec.  The  calculation  model  of  the  wing  is  laid  down  in  fig.  3. 

The  bending/torsion  beams  have  a  rectangular  cross-section  with  thin  walls,  a  wall 
thickness  t,  and  additional  stiffening  elements  ts  in  the  belts.  The  two  wall  thicknesses  t 
and  t.  are  varied  independently  in  the  course  of  the  calculation  run.  They  are  the  design 
variables  of  the  structure. 

Fig.  4  displays  the  wall  thicknesses  t  plotted  against  the  iterations.  The  optimiza¬ 
tion  process  is  terminated  in  the  main  after  eight  iterations.  The  wall  thicknesses  of 
the  elements  2  and  3  approach  their  minimum  in  six  and  four  iterations  respectively, 
falling  monotonously,  while  the  development  of  the  wall  thickness  of  element  1  shows 
slight  oscillations.  All  design  variables  are  reduced  within  the  first  eight  iterations 
to  about  one  third  of  their  original  values. 

In  fig.  5  three  of  the  limited  normal  stresses  a  are  plotted  against  the  iteration 
steps.  The  stresses  in  the  elements  2  and  3  reach  the  limit  of  20  OOO  N/cm*  after  the 
seventh  and  the  fourth  iteration  step  respectively. 

The  stress  in  element  1  does  not  reach  the  limit  and  approaches  its  maximum  much 
more  slowly,  too.  However,  the  gain  in  weight  after  15  iterations  as  compared  with  the 
weight  obtained  after  the  first  eight  iterations  is  insignificant. 

Fig.  6  shows  the  shear  stresses  of  the  three  elements  under  consideration  ,  plotted 
against  the  iterations.  All  stresses  are  far  below  the  given  limit  of  10  000  N/cnr .  An 
additional  reduction  of  the  cross-section  values  with  the  shear  stresses  being  Increased 
simultaneously  is  no  longer  admissible  since  the  structure  would  then  become  too  soft  with 
respect  to  torsion  in  view  of  the  flutter  speed  limit. 

The  lower  limit  of  the  flutter  speed  is  300  m/sec.  As  the  structure  was  initially 
laid  out  too  rigid  the  model  wing  is  constantly  in  the  flutter-safe  range.  There  is  a  close 
connection  between  the  torsional  rigidity  and  the  flutter  safety  of  a  structure.  In  the 
present  example,  the  minimum  flutter  speed  is  the  decisive  restriction.  It  is  reached 
within  the  first  eight  iterations  and  is  then  maintained  (see  fig.  7).  Since  this  point 
is,  at  the  same  time,  the  lower  limit  for  the  torsional  rigidity,  the  shear  stresses,  dis¬ 
played  in  fig.  6,  do  no  longer  change. 

The  weight  curve  above  the  iterations  is  falling  monotonously  towards  the  minimum. 

The  weight  reduction  within  the  first  eight  iteration  steps  amounts  to  about  45  %  refer¬ 
red  to  the  initial  weight  of  the  structure.  The  further  reduction  of  the  structural  weight 
is  unimportant  as  shown  in  fig.  8. 
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Fig.  2 :  Flow  Diagram  of  DYNOPT  Calculation 
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7.  FINAL  CONSIDERATIONS 

A  general  optimization  program  was  presented  by  means  of  which  statically  loaded 
structures  can  be  designed  optimally  with  respect  to  weight.  The  boundary  conditions  to 
be  fulfilled  are  the  upper  limits  for  normal  and  shear  stresses  in  the  elements  and  for 
the  minimum  flutter  speed. 

The  DYNOPT  program  system,  presented  here,  is  based  on  the  finite-element-method. 

For  the  actual  optimization  part  the  gradient  method  is  used.  The  program  contains  springs, 
beams,  and  membrane  elements.  It  can,  however,  be  extended  to  any  other  type  of  element. 
Also  further  restrictions  can  be  taken  into  consideration.  The  convergence  of  the  descri¬ 
bed  method  is  good.  Numerical  difficulties  will  not  occur. 
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ABSTRACT 

It  ia  ahown  that  a  powerful  approach  to  atructural  optimization  haa  now  emerged, 
which  conaiat8  in  replacing  the  initial  problem  with  a  aequence  of  simple  explicit  pro¬ 
blems.  In  the  optimality  criteria  and  mathematical  programing  approachea,  the  behavior 
conatrainta  are  approximated  u8ing  virtual  load  conaiderationa  and  linearization  with 
reapect  to  the  reciprocal  deaign  variablea,  respectively.  An  attractive  strategy  is  to 
solve  partially  each  explicit  problem,  using  a  primal  solution  scheme,  before  reanalyzing 
the  structure  and  updating  the  approximate  problem  statement.  This  process  facilitates 
generation  of  a  sequence  of  steadily  improved  feasible  designs.  This  approach  can  be  in¬ 
terpreted  as  a  mixed  primal-1 inear i zat ion  method  and  it  introduces  an  interesting  possi¬ 
bility  of  controlling  the  convergence  of  the  optimization  process.  An  alternative  approach 
is  to  recognize  that  the  explicit  but  approximate  problem  statement  is  of  such  high  qua¬ 
lity  that  it  can  be  solved  exactly,  using  a  dual  solution  scheme.  This  dual  method  ap¬ 
proach  can  be  viewed  as  a  rigorous  generalization  of  the  conventional  optimality  criteria 
techniques.  Examples  of  applications  of  the  mixed  and  dual  methods  to  various  structures 
include  cases  with  stress,  displacement  or  flexibility  constraints,  as  well  as  frequency 
constraints . 

INTRODUCTION 

The  optimum  design  of  any  significant  structure  is  the  result  of  a  delicate  compromi¬ 
se  between  many  complex  factors.  Some  are  rational  and  can  be  quantified,  such  as  the 
strength  of  the  structure  :  some  are  just  as  rational  but  are  difficult  to  quantify,  such 
as  the  experience  in  a  given  technology  ;  some  others  are  much  less  rational,  like  styling, 
but  are  just  as  important  for  the  final  ,;;Dal  of  the  process,  which  is  the  marketing.  Na¬ 
turally  a  good  designer  considers  structural  optimization  as  a  technique  that  should  take 
into  account  all  possible  aspects  of  the  design.  Consequently  the  designers  are  often 
reluctant  to  the  concepts  of  structural  optimization  developed  in  connection  with  finite 
element  programs. 

However  a  more  detailed  examination  of  the  design  process  allows  to  isolate  a  phase 
that  appears  frequently  during  which  the  shape  of  the  structure  is  more  or  less  frozen 
and  the  problem  is  limited  to  giving  adequate  dimensions  to  the  various  members.  Such 
a  situation  is  often  the  case  in  the  aerospace,  naval  or  automobile  industries,  where  the 
external  shapes  are,  to  a  large  extent,  dictated  by  aero-or  hydrodynamic  considerations, 
or  by  styling,  while  internal  forms  are  often  determinated  by  various  other  non  structural 
considerations.  If  the  ultimate  goal  of  the  designer  can  be  identified  as  corresponding 
to  the  minimization  of  an  explicit  function  of  the  member  sizes,  and  if  the  limitations 
in  the  design  can  be  defined  as,  eventually  implicit,  functions  of  the  member  sizes  too, 
such  as  displacements,  stresses,  e igenf requeue i e s ,  etc...,  then  the  problem  is  tractable 
by  automatic  algorithms.  They  allow  the  engineer  to  speed  up  significantly  this  part  of 
the  design  process  and  to  explore  more  systematically  the  various  feasible  designs. 

The  optimization  problems,  which  in  fact  should  be  called  automatic  sizing  problems, 
are  especially  crucial  when  composite  materials  such  as  reinforced  resins  are  employed, 
and  when  complex  structural  forms  are  involved.  In  both  cases  it  becomes  difficult,  if 
not  impossible,  for  the  designer  to  have  an  intuitive  understanding  of  the  structural 
mechanics  that  is  sufficient  to  lead  to  optimum  sizing  of  the  various  members.  Further¬ 
more  the  designer  is  most  of  the  time  unable  to  take  into  account  global  constraints  in 
the  structure  ,  like  global  flexibility,  restriction  on  displacements,  frequencies  of  vi¬ 
bration,  global  buckling  modes,  etc...  It  is  only  possible  to  verify  a  posteriori  that 
such  constraints  are  satisfied.  Again  these  global  constraints  become  more  important 
in  the  context  of  highly  complex,  indeterminate  structures  made  of  composite  materials. 

In  the  aerospace  industry,  the  rapid  extension  of  the  use  of  composite  materials  has  mo¬ 
tivated  significant  research  efforts  to  derive  algorithms  permitting  a  rapid  and  systema¬ 
tic  exploration  of  the.  design  space  to  determine  the  optimum  material  utilization. 

It  is  worth  pointing  out  that  optimization  methods  should  be  considered  as  especially 
useful  in  the  preliminary  design  phase.  Using  them  when  the  design  is  practically  frozen, 
with  the  hope  of  an  ultimate  improvement,  is  often  disappointing.  This  is  due  to  the  fact 
that  the  optimization  of  a  detailed  design  implies  the  formulation  of  a  large  number  of 
constraints,  some  of  which  are  not  easily  quantified.  At  the  preliminary  design  stage 
however  the  constraints  are  usually  more  global  and  therefore  more  easily  handled  by  the 
available  formulations. 

The  structural  optimization  problem  considered  in  this  paper  consists  of  the  weight 
minimization  of  a  finite  element  model  with  fixed  geometry  and  material  propertiea.  The 
trarisverse  sizes  of  the  structural  members  (i.e.  cross-sectional  areas  of  bar  elements  ; 
thicknesses  of  shear  panel  and  membrane  elements)  are  the  design  variables.  For  presenting 
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Che  fundamental  concepts  used  in  the  formulation,  we  restrict  the  optimization  problem  to 
the  mathematical  form  : 


minimize  W(a) 

a 

“  £.  a. 

(1) 

i-I  i  i 

subject  to  hj(a) 
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j  -  1  ,m 

(2) 

a  .  >  a . 
i  i 

> 

a . 

-l 

i  •  1  ,n 

(3) 

where  a.  denotes  the  n  design  variables  which  correspond  to  member  sizes  of  either  a  gi¬ 
ven  finite  element  or,  more  often,  of  a  given  group  of  finite  elements.  In  this  latter 
case  the  number  of  design  variables,  n,  is  smaller  than  the  number  of  finite  elements 
(design  variables  linking).  The  objective  function  to  be  minimized  is  the  structural 
weight.  It  is  a  linear  function  of  the  design  variables  a^.  In  Eq.(l)  t£  denotes  the 
weight  of  the  ith  member  when  a£«l  (i.e.  specific  weight  times  length  of  a  bar  truss  mem¬ 
ber  ;  specific  weight  times  area  of  a  membrane  element). 

The  inequalities  expressed  in  Eq.(2)  represent  behavior  constraints,  which  impose  li¬ 
mitations  on  quantities  describing  the  structural  response,  for  example  :  the  stresses 
and  the  displacements  under  multiple  static  loading  cases,  the  natural  frequencies,  the 
buckling  loads,  etc...  The  design  varisbles  are  also  subjected  to  the  side  constraints 
(3),  where  S£  and  a£  are  lower  and  upper  limits  that  reflect  fabrication  and  analysis  va¬ 
lidity  considerations. 

The  structural  optimization  problem  embodied  in  Eqs(l)  through  (3)  is  a  nonlinear  ma¬ 
thematical  programming  problem  to  which  standard  minimization  techniques  can  be  applied. 
However  this  problem  exhibits  some  characteristics  that  make  it  complicated  when  practi¬ 
cal  structural  design  applications  are  considered.  The  main  difficulty  arises  from  the 
fact  that  the  behavior  constraints  (2)  are  in  general  implicit  functions  of  the  design 
variables  and  their  precise  numerical  evaluation  for  a  particular  design  requires  a  com¬ 
plete  finite  element  analysis.  Since  the  solution  scheme  is  essentially  iterative,  it 
involves  a  large  number  of  structural  reanalyses.  Therefore  the  computational  cost  often 
becomes  prohibitive  when  large  structural  systems  are  dealt  with. 


The  well  known  necessary  KUHN-TUCKER  conditions  characterize  any  local  minimum  of  the 
nonlinear  programming  problem  (1-3)  [  I  ].  They  are  written  as  follows  for  each  design  va¬ 
riable  : 
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with  the  comp lemen tar i ty  conditions  : 
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the  behavioral  constraints  (2), 

and  ( v . , t . , 

which  are  the  a£.  They  have  the  meaning  of  lagrangian  multi¬ 
constraints.  Depending  upon  whether  a  given  constraint  becomes 
e  optimum  (i.e.  is  active  or  inactive),  the  corresponding  dual 
equal  to  zero  (see  Eqs.  5-7).  The  KUHN-TUCKER  conditions  are  in 
In  the  special  case  of  a  convex  problem,  they  become  also,  suffi- 
global  optimum.  They  can  then  be  used  to  relate  the  primal  va¬ 
riables  aj  -  to  the  dual  variables  -  i.e.  lagrangian  multipliers. 


In  the  last  decade  essentially  two  main  approaches  have  been  used  to  solve  the  pro¬ 
blem  (1-3).  One  is  based  on  the  many  rigorous  numerical  methods  of  non  linear  mathema¬ 
tical  programming.  The  other  uses  the  more  intuitive  concepts  of  optimality  criteria. 

These  approaches  have  often  been  opposed  in  the  past  and  two  corresponding  schools  deve¬ 
loped.  The  advantages  claimed  for  the  mathematical  programming  methods  are  their  sound 
foundations,  their  convergence  properties  which  can  most  often  be  guarantied  and  their 
generality  which  permits  consideration  of  any  type  of  constraints.  Their  essential  dis¬ 
advantage  lies  in  the  computing  time  which  increases  rapidly  with  the  size  of  the  problem, 
leading  to  unacceptable  cost  even  for  relatively  simple  problems. 


The  optimality  criteria  are  based  on  explicit  approximations  of  the  behavior  cons¬ 
traints  which  are  exact  in  special  cases,  most  of  the  time  in  statically  determinate  ca¬ 
ses.  These  approximations  are  supposed,  on  intuitive  basis,  to  hold  in  the  general  case. 
Then  the  statement  of  the  problem  (1-3)  often  desappears  since  redesign  formulas  can  be 
derived  by  various  means,  like,  tor  instance,  the  KUHN-TUCKER  conditions  (4-7)  in  which 
the  explicit  approximations  are  introduced.  The  advantages  of  using  the  optimality  cri¬ 
teria  are  the  computing  cost  which  is  low  and  the  intuitive  basis,  which  is  often  appea¬ 
ling  to  the  engineer.  In  fact  the  number  of  reanalysis  cycles  does  not  increase  with  the 
complexity  of  the  structure,  nor  with  the  number  of  design  variables.  As  a  consequence 
of  this  property,  until  recently,  large  scale  examples  of  structural  optimization  have 
only  been  solved  by  optimality  criteria.  The  essential  disadvantages  of  the  optimality 
criteria  approach  are  its  lack  generality  and  of  sound  mathematical  foundations,  which 
explains  the  often  unpredictable  convergence  properties  and  even  the  convergence  to  non 
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optimal  aolutions. 

It  haa  btan  shown  in  a  recent  work  [2,3,4  )  that  these  two  approaches  are  in  fact 
related  to  each  other  and  that  the  optinality  criteria  can  be  viewed  aa  special  mathema- 
tical  programming  methods  using  approziaations  for  the  conatraint  surfaces. 

THE  LIHEARIZED  PROBLEM 

Most  of  the  optimality  criteria  approachea  deal  with  problems  involving  constraints 
on  static  stresaes  and  displacements,  in  which  case  the  behavior  constraints  (2)  can  be 
written 


hj  (a) 


u .  - 
J 


u.(a)  >  o 


(8) 


where  u.  denotes  an  upper  bound  to  a  response  quantity  u.(a)  (stress,  nodal  di aplaceaent , 
relativi  displacement,  etc...).  Using  virtual  load  consideration,  explicit  approximations 
of  the  behavior  constraints  (2)  can  be  generated  : 

C'  >  o  (9) 
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where  the  coefficients  cjj  are  related  to  virtual  energy  densities  in  the  structural  mem¬ 
bers  [5,6  ].  At  each  stage  in  the  optimization  process,  the  cjj's  are  assumed  to  be 
constant  coefficients,  which  leads  to  using  simple  redesign  formulas.  After  new  values 
have  been  obtained  for  the  design  variables,  a  structural  reanalysis  is  performed  and  the 
c^j's  are  updated.  The  whole  process  is  repeated  until  convergence  is  achieved. 

It  is  essential  to  note  that  in  the  case  of  a  statically  determinate  structure,  the 
Cij's  are  really  constant  quantities  and  Eq.(9)  represents  the  exact  explicit  form  of 
the  behavior  constraints  (8).  Therefore,  in  this  case  only  one  structural  analysis  is 
sufficient  for  generating  the  optimal  design.  In  the  case  of  a  statically  indeterminate 
structure  the  c^j's  depend  implicitly  on  the  design  variables,  since  structural  redundan¬ 
cy  leads  to  redistribution  of  the  internal  forces  when  the  member  sizes  are  modified. 

On  the  other  hand  the  mathematical  programming  approach,  after  a  period  of  uneffici¬ 
ency,  has  finally  evolved  into  a  powerful  and  now  well  established  design  procedure  ba¬ 
sed  on  explicit  approximations  of  the  constraints.  This  approach  was  developed  indepen¬ 
dently  by  SCHMIT  [7,8,9,10  1  as  the  "approximation  concepts  approach"  and  by  FLEURY  [II, 
12,13  1  as  the  "mixed  method".  Both  methods  proceeds  by  constructing  a  high  quality  ex¬ 
plicit  approximation  of  the  initial  problem  and  solving  it  partially,  using  a  primal  ma¬ 
thematical  programming  algorithm,  before  reanalyzing  the  structure  and  updating  the  ap¬ 
proximate  problem  statement.  This  process  facilitates  generation  of  a  sequence  of  stea¬ 
dily  improved  feasible  designs,  which  is  an  attractive  feature  for  practical  design  pur¬ 
poses  . 

The  key  idea  in  both  the  approximation  concepts  approach  [7-10  ]  and  mixed  method 
[ 11-13  ]  is  to  linearize  the  behavior  constraints  with  respect  to  the  reciprocal  design 
variables 

x.  -  (10) 


In  the  reciprocal  design  space,  the  constraint  surfaces  are  very  shallow  and  close  to 
planes  in  a  moderately  hyperstatic  case.  It  is  then  possible,  in  a  method  of  projected 
gradient,  to  progress  with  much  larger  steps  along  tangent  planes  without  seriously  vio¬ 
lating  the  constraints.  Moreover  the  shallowness  of  the  constraint  surfaces  implies  that 
their  linearized  forms  are  usually  very  good  approximations  and  therefore  the  structure 
does  not  need  to  be  reanalyzed  after  each  iteration  in  a  mathematical  programming  algo¬ 
rithm.  The  linearized  behavior  constraints  are  obtained  using  a  first  order  Taylor  series 
expansion  in  terms  of  the  reciprocal  variables  xj  : 

n  »u.  o 
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where  the  upperscript  0  denotes  quantities  evaluated  at  the  actual  design  point  x°,  where 
the  structural  reanalysis  is  performed.  Mote  that  the  finite  element  analysis  must  in¬ 
clude  auxiliary  sensitivity  analyses,  which  evaluate  first  partial  derivatives  of  the  res¬ 
ponse  quantities.  Most  often  the  well  known  pseudo-loads  technique  is  employed  [14  J. 

This  procedure  requires  that  a  certain  number  of  additional  loading  cases  be  treated  in 
the  structural  analysis  phase. 


Mow  it  can  be  shown  (see  Refs.  [3,4  ])  that  the  explicit  approximations  of  the  beha¬ 
vior  constraints  used  in  both  the  optimality  criteria  and  mathematical  programming  ap¬ 
proaches  (Eqs  9  and  II,  respectively)  are  identical.  Indeed  the  virtual  energy  densities 
C{j,  employed  in  the  optimality  criteria  approaches  are  nothing  else  that  the  gradients 
or  the  response  quantities  with  respect  to  the  reciprocal  variables  : 

9  u  . 


i  j 

Furthermore  the  definition  of  the  c 
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Therefore  Eq(ll)  can  be  written 
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hj(x)  5  -  S  c°.  x.  >  o  (14) 

which  is  equivalent  to  Eq(9). 

In  conclusion  a  unified  structural  optimization  approach  has  emerged,  which  consists 
in  replacing  the  initial  problem  (1-3)  with  a  sequence  of  explicit  approximate  -  or  line¬ 
arized  -  problems.  Each  linearized  problem  exhibits  the  following  form  when  written  in 
terms  of  the  reciprocal  variables  : 
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where  x^  »  I/a.  and  x£  •  I / a  £  are  the  new  side  constraints. 

Various  solution  scheme  are  available  to  treat  the  explicit  problem  embodied  in  Eqs(l5- 
17).  Depending  upon  their  primal  or  dual  character  the  convergence  properties  of  the 
whole  optimization  process  will  be  different. 

PRIMAL  SOLUTION  SCHEME  (MIXED  METHOD) 

The  linearized  problem  (15-17)  is  still  a  non  'linear  programming  problem  (because  the 
objective  function  keeps  its  nonlinear  character),  however  it  is  now  explicit  and  easily 
treated  by  standard  minimization  techniques.  In  order  to  maintain  a  primal  philosophy 
(sequence  of  steadily  improved  feasible  designs),  the  approximation  concepts  approach, 
as  initially  proposed  in  Ref  (9  ] ,  employed  either  a  feasible  direction  method  or  an  in¬ 
terior  penalty  function  method  to  solve  partially  the  linearized  problem.  In  this  way 
it  is  possible  to  preserve,  at  each  stage  of  the  process,  the  feasibility  of  the  design 
point  with  respect  to  the  primary  problem  (1-3).  Later  the  interior  penalty  function  me¬ 
thod  (called  NEWSUMT)  only  was  retained  (  10,15  ].  So  the  NEWSUMT  optimizer  of  the  ACCESS 
3  program  [  15,16  ]  tends  to  generate  a  sequence  of  design  points  that  "funnels  down  the 
middle"  of  the  feasible  region.  This  represents  an  attractive  feature  from  an  engineering 
point  of  view  since  it  provides  the  designer  with  acceptable  non  critical  designs  at  each 
stage  of  the  process.  Furthermore  the  convergence  properties  of  the  method  can  be  con¬ 
trolled  by  modifying  the  number  of  response  surfaces  (typically  1  or  2)  and  the  response 
factor  decrease  ratio  (typically  0.5  through  0.1). 

On  the  other  hand,  starting  from  an  optimality  criteria  approach,  a  method  similar  to 
the  approximation  concepts  approach  was  independently  developed  in  Refs.[l!,l3  ].  This 
mixed  method  uses  virtual  load  considerations  to  generate  a  first  order  approximate  pro¬ 
blem  which  is  identical  to  the  linearized  problem  posed  by  Eq . (15-17).  This  problem  is 
also  solved  partially  using  a  primal  solution  scheme,  with  the  aim  of  preserving  the  de¬ 
sign  feasibility  as  in  the  approximation  concepts  approach.  Each  iteration  in  the  mixed 
method  is  made  up  of  a  restitution  phase  and  a  minimization  phase. 

The  restitution  phase  consists  in  bringing  the  design  point  back  to  the  boundary  of 
the  feasible  region.  It  is  based  upon  the  concept  of  scaling,  which  is  classical  in  the 
optimality  criteria  approaches.  Scaling  does  not  introduce  any  redistribution  of  the  in¬ 
ternal  forces  in  the  structure  and  therefore  it  permits  generation  of  a  feasible  bounda¬ 
ry  point  without  any  additional  structural  analysis.  In  the  design  space  scaling  corres¬ 
ponds  to  a  move  along  a  straight  line  joining  the  origin  to  the  current  design  point, 
where  the  structural  analysis  is  made  (see  Fig.  1). 


*• 


LINEARIZED  PROBLEM 


Fig.  1 


MIXED  METHOD 
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Along  the  scaling  line  the  coefficients  Cfj  (see  Eq.9)  remain  constant  and  tha  explicit 
approximations  lead  to  the  exact  values  of  the  constraints  and  their  gradients  [  13  J. 

As  a  result  the  linearized  problem  statement  is  not  affected  bp  seeling.  Ceometr ically 
each  real  restraint  surface  is  approximated,  in  the  space  of  the  reciprocal  variables, 
by  its  tangent  plane  at  its  point  of  intersection  with  the  scaling  line  (see  Fig.l). 

Starting  from  a  feasible  boundary  point,  the  minimisation  phase  in  the  mixed  method 
consists  in  reducing  the  objective  function  in  the  subspace  defined  by  the  tangent  planes 
to  the  constraint  surfaces.  This  is  achieved  by  solving  the  linearised  problem  (15-17) 
using  a  projection  algorithm,  but  stopping  the  minimisation  after  a  limited  number  of 
steps,  denoted  k,  before  reaching  the  minimum  of  the  linearised  problem.  After  if  one  di¬ 
mensional  minimizations  have  been  accomplished,  the  structure  is  reanalyzed,  scaling  is 
performed,  the  linearized  problem  is  reformed  and  again  solved  partially. 

That  optimization  process  is  illustrated  on  Fig. 2  in  a  hypothetical  2-dimensional 
space.  When  k  is  limited  to  one  step,  the  method  is  a  strict  application  of  a  gradient 
projection  type  of  algorithm  to  the  original  problem  (1-7).  The  method  then  exhibita 
all  the  properties  of  the  primal  mathematical  programming  approaches,  that  ia  high  coat 
but  guarantied  convergence.  When  k  is  not  limited,  the  linearized  problem  it  solved  com¬ 
pletely  before  reanalyzing  the  structure  and  updating  the  linearised  problem  statement. 

The  method  then  becomes  an  optimality  criteria  approach  (see  next  section).  The  corres¬ 
ponding  properties  of  fast  but  uncertain  convergence  are  to  be  expected.  Finally,  when 
k  is  limited  to  a  given  finite  number,  the  method  is  mixed.  This  leads  to  considering 
the  number  of  steps  if  as  a  convergence  control  parameter  that  should  be  assigned  high 
values  for  economy  and  reduced  when  divergence  occurs.  As  implemented  in  the  SAMCEF  pro¬ 
gram  ( 19,20  ],  the  minimization  algorithms  used  in  the  mixed  method  are  based  either  on 
the  conjugate  gradient  method  with  an  orthogonal  projection  operator  or  on  the  generalized 
Newton's  method  with  a  weighed  projection  operator.  This  latter  method  has  also  been  in¬ 
troduced  in  the  ACCESS  3  program  [15,16  ] . 

From  a  mathematical  programming  point  of  view,  the  approximation  concepts 
and  the  mixed  method  can  be  classified  as  mixed  pr imal - 1 ineari zat i on  methods, 
problem  is  transformed  into  a  sequence  of  linearized  problems,  which  is  class 
linearization  methods  of  mathematical  programming.  However  each  subproblem  i 
only  partially  using  a  primal  solution  scheme  that  insures  feasibility  of  the 
designs  at  each  stage. 

DUAL  SOLUTION  SCHEME  (GENERALIZED  OPTIMALITY  CRITERION) 

In  the  previous  section  a  primal  philosophy  has  been  adopted  that  leads  to  partial 
solution  of  the  linearized  problem  (15-17)  using  an  interior  penalty  function  formulation 
with  a  small  number  of  response  surfaces  or  a  projection  algorithm  with  a  small  number  of 
one  d imens ional mi n imi za t i one .  This  primal  solution  scheme  produces  a  sequence  of  feasible 
designs  with  decreasing  values  of  the  objective  function.  An  alternative  viewpoint  is  to 
recognize  that  the  approximation  made  by  linearizing  the  constraints  with  respect  to  the 
reciprocal  design  variables  is  of  such  high  quality  that  the  current  explicit  problem 
(15-17)  can  be  solved  exactly,  rather  than  partially,  after  each  structural  reanalysis. 
This  idea  leads  to  abandoning  the  primal  philosophy  in  favor  of  a  pure  linearization  ap¬ 
proach  in  mathematical  programming,  but  it  can  also  be  viewed  as  adopting  an  optimality 
criteria  strategy. 

Since  only  the  final  exact  solution  of  each  linearized  problem  needs  to  be  known  at 
each  redesign  stage,  any  minimization  algorithm  can  be  chosen  to  solve  it.  In  order  to 
improve  the  computational  efficiency,  it  is  advisable  to  select  a  specialised  nonlinear 
programming  algorithm,  well  suited  to  the  particular  mathematical  structure  of  the  expli¬ 
cit  problem  (15-17).  The  objective  function  is  Strictly  convex  and  the  constraints  are 
linear,  so  that  the  problem  (15-17)  is  a  convex  programming  problem.  Moreover  all  the 
functions  defining  this  problem  are  explicit  and  separable.  In  such  a  case  at  least  two 
kinds  of  methods  seem  to  he  efficient  ;  the  second  order  primal  projection  methods  and 
the  dual  methods  (see  next  section). 

The  dual  method  formulation  is  especially  attractive,  because  the  dual  problem  pre¬ 
sents  a  much  simpler  form  than  the  primal  problem.  Indeed,  for  a  convex  problem,  the 
lagrangian  multipliers  associated  with  the  constraints  have  the  meaning  of  dual  variables 
in  terms  of  which  an  auxiliary  and  equivalent  problem  can  be  stated.  Under  some  unres- 
trictive  conditions,  this  dual  problem  can  be  reduced  to  the  maximization  of  the  lagran¬ 
gian  functional  with  simple  nonnegativity  requirements  on  the  dual  variables.  Since,  in 
addition,  the  explicit  problem  (15-17)  is  of  separable  form,  the  dual  formulation  leads 
to  a  very  efficient  solution  scheme  because  each  primal  variable  can  be  analytically  ex¬ 
pressed  in  terms  of  the  dual  variables.  Furthermore  the  dimensionality  of  the  dual  pro¬ 
blem  is  equsl  to  the  number  of  linearized  behavior  constraints  (16),  which  is  most  often 
small  when  compared  to  the  number  of  design  variables.  Therefore  the  dual  problem  exhi¬ 
bits  a  simpler  form  and  a  lower  dimensionality  than  the  primal  problem. 

The  duel  methods  sre  thus  likely  to  provide  the  most  efficient  solution  scheme  to  the 
linearized  problem  (15-17),  provided  this  problem  can  be  solved  exactly  at  each  stage, 
rather  than  partially  using  a  primal  method.  This  demands  that  the  original  behavior 
constraints  exhibit  a  moderate  nonlinearity  with  respect  to  the  reciprocal  variables, 
which  is  actually  true  for  most  problems  involving  stress,  displacement,  frequency  and 
buckling  constraints  [2  ].  Another  significant  advantage  of  the  dual  methods  is  that 
they  can  take  into  consideration  discrete  design  variables  without  weakening  the  effici¬ 
ency  of  the  optimization  process  [  15,16  ].  Discrete  variables  are  useful  for  representing 
commerc ial  1  y avs i 1  able  gage  sizes  of  sheet  metal,  the  numbers  of  plies  in  a  laminated  corn- 
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poaite  ikin,  etc... 

Turning  now  to  in  optimality  criteria  atrategy,  the  simple  form  of  the  linearized 
problem  (15-17)  suggests  to  make  use  of  its  explicit  character  in  order  to  derive  rede¬ 
sign  formulas  for  the  design  variables.  In  fact,  as  shown  in  Ref.  (6  ),  the  whole  pro¬ 
cess  of  combining  the  linearization  of  the  behavior  constraints  with  respect  to  the  reci¬ 
procal  design  variables  and  a  dual  solution  scheme  can  be  viewed  as  a  generalization  of 
the  optimality  criteria  approaches.  This  process  consists  in  solving  exactly,  after  each 
structural  reanalysis,  the  linearized  problem  (15-17),  which  can  be  recast  as  follows  in 
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Instead  of  employing  primal  or  dual  mathematical  programming  methods,  an  alternative 
approach,  which  is  typical  of  the  optimality  criteria  philosophy,  is  to  use  the  explicit 
character  of  the  approximate  problem  (18-20)  in  order  to  express  analytically  the  optimal 
design  variables.  This  can  be  achieved  using  the  KUHN-TBCKER  conditions  (4-7)  which,  in 
view  of  the  convexity  of  the  problem,  are  sufficient  for  global  optimality.  These  condi¬ 
tions  lead  to  a  generalized  optimality  criterion  yielding  explicitly  the  design  variables 

active  design  variables  : 
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passive  design  variables  : 

a .  »  a .  if 

l  -i 

Z  c.  .r .  <  t.a? 
j  U  3  l-i 

(22) 

a  .  -  a  .  if 

i  i 

I  c. .r.  >  t.a? 
j  ij  J  ii 

(23) 

In  these  expressions,  the  lagrangian  multipliers  r;  are  associated  with  the  linearized 
behavior  constraints  (19).  They  must  satisfy  the  complementary  conditions  (5),  namely  : 


active  constraint  : 

r .  >  o  if 

1 

inactive  constraint 


c . 
Z  _i 
i 


(24) 


if 


<  u. 


(25) 


The  equations  (21-23)  relating  the  design  variables  a.  to  the  lagrangian  multipliers  r. 
provide  a  basis  for  separating  the  design  variables  in  two  groups.  The  passive  variables 
are  those  that  are  fixed  to  a  lower  or  an  upper  limit  (see  Eqs  22  and  23  respectively) 
while  the  active  variables  are  explicitly  given  in  terms  of  the  lagrangian  multipliers 
using  Eq .  (21).  This  subdivision  of  the  design  variables  into  active  and  passive  groups 
is  classical  in.  the  optimality  criteria  approaches  [5,21-27  ]. 

When  the  lagrangian  multipliers  satisfying  (24,25)  are  known,  the  optimal  design  va¬ 
riables  can  be  easily  computed  using  the  explicit  optimality  criterion  (21-23),  There¬ 
fore  the  problem  has  been  replaced  with  a  new  one,  which  is  defined  in  terms  of  the  la¬ 
grangian  multipliers  only.  To  solve  this  new  problem,  the  conventional  optimality  cri¬ 
teria  techniques  usually  make  the  assumption  that  the  set  of  active  constraints  is  known 
in  advance,  avoiding  thus  the  inequality  constraints  on  the  lagrangian  multipliers  appea¬ 
ring  in  Eqs  (24,25).  An  update  procedure  for  the  retained  lagrangian  multipliers  is  then 
employed,  so  that  the  optimal  design  variables  can  be  sought  iteratively  by  coupling  the 
update  procedure  and  the  explicit  optimality  criterion  (21-23).  The  essential  difficul¬ 
ties  involved  in  applying  these  optimality  criteria  methods  are  those  associated  with  i- 
dentifying  the  correct  set  of  active  constraints  and  the  proper  corresponding  set  of  pas¬ 
sive  members  [5,25  I.  These  difficulties  were  recognized  and  addressed  vith  varying  de¬ 
grees  of  success  in  studies  such  as  those  reported  in  Refs.  [26,27  ].  However  it  was 
only  with  the  dual  formulation  set  forth  in  Refs  [3,28  ]  that  these  obstacles  were  con¬ 
clusively  overcome. 


The  dual  method  approach  consists  in  maximizing  the  lagrangian  function  subject  to 
nonnegativity  constraints  on  the  lagrangian  multipliers.  This  approach  can  therefore  be 
viewed  as  using  an  update  procedure  for  the  lagrangian  multipliers,  exactly  like  the  con¬ 
ventional  optimality  criteria  techniques.  After  the  update  procedure  is  completed,  the 
design  variables  can  be  evaluated  using  the  optimality  criteria  equations  (21-23).  Since 
the  dual  maximization  problem  exhibits  a  remarkably  simple  form,  its  exact  solution  can 
be  generated  at  a  low  computational  cost,  which  is  comparable  to  that  required  by  the 
recursive  techniques  of  conventional  optimality  criteria  approaches.  The  dual  algorithms 
can  handle  a  large  number  of  inequality  constraints  and  they  intrinsically  contain  a  ra¬ 
tional  scheme  for  identifying  the  active  constraints  through  the  non-negativity  constraint 
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on  the  lagrangian  multipliers  (or  dual  variables).  They  also  automatically  sort  out  the 
active  and  passive  design  variable  groups  using  the  explicit  relationships  between  pri¬ 
mal  and  dual  variables. 


Two  maximisation  algorithms  are  available  in  the  SAMCEF  program  to  solve  the  dual 
problem  :  a  first  order  conjugate  gradient  type  of  algorithm  and  a  second  order  Newton 
type  of  algorithm  [3,20  ] .  Recently  these  dual  algorithms  were  implemented  in  the  ACCESS 
3  program,  which  is  based  on  the  approximation  concepts  approach  [ 15-18  ] .  The  second 
order  algorithm  was  improved  by  employing  a  simple  but  efficient  one  dimensional  maximi¬ 
sation  scheme.  The  first  order  algorithm  was  deeply  modified  and  it  is  now  capable  of 
treating  problems  involving  discrete  design  variables.  Indeed  it  can  be  shown  (see  Refs 
( 15  ]  and  [ 18  I)  that  the  optimality  criteria  equations  (21-23)  must  read  as  follows  for 
a  discrete  variable  : 


where  it  is  understood  that 
for  the  ic^  design  variable 


,  k  k- 1  .  .  -  k  k+  1 

lti  j  ij  j  til 

(a-,  k-1,2,...)  denotes  the  set  of 
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available  discrete  values 


In  summary  a  generalised  optimality  criteria  approach  can  be  defined  in  the  mathema¬ 
tical  programming  terminology  as  a  special  form  of  the  linearisation  methods.  It  amounts 
to  replacing  the  original  problem  with  a  sequence  of  linearised  problems  and  applying  a 
dual  solution  scheme  to  each  aubproblem.  It  should  be  noted  however  that  only  the  beha¬ 
vior  constraints  are  linearised  with  respect  to  the  reciprocal  design  variables,  while  in 
classical  linearisation  methods,  the  objective  function  is  also  linearised.  This  is  not 
the  case  in  the  present  approach  because  the  structural  weight  is  an  exact  explicit  func¬ 
tion  of  the  reciprocal  variables. 


OPTIMIZATION  ALGORITHMS 


The  explicit  problem  to  be  solved  in  each  redesign  stage  (see  Eqs.  15-17)  is  strictly 
convex  and  separable.  Because  of  its  special  simple  structure,  this  problem  can  be  sol¬ 
ved  efficiently  in  either  its  primal  or  dual  form  by  employing  second  order  algorithms 
(derived  from  the  well  known  Newton's  method).  It  should  be  again  emphasized  that  the 
primal  algorithm  can  be  used  to  solve  only  partially  the  approximate  problem  (15-17), 
while  the  dual  algorithm  cannot,  because  intermediate  points  in  the  dual  space  usually 
correspond  to  highly  infeasible  points  in  the  primal  space.  Therefore  the  possibility 
of  controlling  the  convergence  of  the  overall  optimization  process  is  available  in  the 
SAMCEF  [19,20  )  and  ACCESS  3  [15,16  }  programs  only  when  a  primal  optimizer  is  selected .  On 
the  other  hand,  it  is  important  to  remember  that  using  a  dual  algorithm  yields  results 
and  convergence  equivalent  to  that  obtained  using  optimality  criteria.  The  same  is  true 
for  the  primal  algorithms  if  the  approximate  problems  are  solved  completely. 

Second  order  primal  algorithm  (PRIMAL  2) 

When  the  Newton's  method  is  extended  to  take  linear  constraints  into  account,  the 
following  weighed  projection  operator  must  be  used  [  29  )  : 

P  -  I  -  F_,N  (NTF-IN)-'nT  (27) 


where  N  is  a  rectangular  matrix  made  up  of  the  gradients  of  the  currently  active  cons¬ 
traints  (16)  and  F  is  the  hessian  matrix  of  the  objective  function  (15).  Since  the  ob¬ 
jective  function  is  separable  it  follows  that  the  matrix  F  is  diagonal,  which  makes  the 
second  order  algorithm  no  more  complicated  than  the  well  known  (first  order)  gradient 
projection  method  [  30  )  . 

At  each  iteration  the  Newton  search  direction,  projected  on  the  intersection  of  the 
active  constraints,  is  computed  as  follows  : 

z  -  -  P  F-,g  -  -  F~ 1 ( g  -  Nr)  (28) 

where  g  is  the  gradient  of  the  objective  function  and  r  denotes  the  vector  of  the  second 
order  estimates  for  the  lagrangian  multipliers  (or  dual  varaibles)  : 

r  -  (NTF_IN)_I  NTF_,g  (29) 

They  can  be  used  to  decide  whether  the  current  active  constraints  must  remain  active  or 
not  in  the  subsequent  iterations.  At  the  optimum,  each  active  constraint  must  be  associ¬ 
ated  to  a  positive  dual  variable. 


They  next  design  point  is  given  by 

+ 

X  ■  X  ♦  T  Z 


(30) 


where  r  is  the  step  length 
along  the  direction  z  (one 
be  computed  using  (28)  and 
reached . 


determined  so  that  the  objective  function  attains  its  minimum 
dimensional  minimization).  At  x*  a  new  search  direction  can 
this  minimization  process  is  repeated  until  the  optimum  is 


In  view  of  Eqs  (27)  and  (29)  this  second  order  primal  algorithm  requires  inversion  of 
a  matrix  at  each  iteration.  This  matrix  is  explicitly  given  by 
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It  is  worth  mentioning  that  the  algorithm  can  eaaily  be  modified  so  that  only  the  main 
linear  constraints  (16)  have  to  be  introduced  via  the  projection  relations.  The  side 
constraints  (17)  can  indeed  be  treated  separately  (see  Ref  [2  )  for  more  details). 


Second  order  dual  algorithm  (DUAL  2) 


The  minimization  problem  (15-17)  (or  the  equivalent  problem  (18-20)  recast  in  the 
direct  variables  ]  can  also  be  solved  efficiently  as  an  auxiliary  maximization  problem 
in  the  m  lagrangian  multipliers  r,  associated  with  the  linearized  behavior  constraints 
(19).  This  dual  problem  reads  asJfollovs  (3,17,28  ]  : 

n  m 

maximize  y(r)  -  I  t.a.(r)  +  I  r  g.(r)  (32) 

i-l  1  1  j-l  J  J 

subject  to 

r j  >  o  j  “  I ,m  (33) 


where  g.(r)  denotes  the  components  of  the  dual 
values  of  the  primal  constraints  : 


gj  (r) 
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function  gradient. 
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which  are  equal  to  the 


(34) 


The  primal  variables  aj(r)  are  explicitly  given  in  terms  of  the  dual  variables  by  the 
relations  (21-23),  previously  interpreted  as  defining  a  generalized  optimality  criterion. 
Therefore  the  dual  function  (32)  is  formulated  in  terms  of  the  dual  variables  only. 

The  dual  problem  (32,33)  exhibits  an  attractive  feature,  namely  it  is  a  quas (-uncons¬ 
trained  problem  (taking  care  of  the  nonnegativity  requirements  (33)  is  straightforward  ] . 
Riven  some  positive  dual  variables  the  corresponding  primal  variables  are  computed  from 
(21-23)  and  the  primal  constraints  are  then  evaluated  using  (34).  The  dual  function  (32) 
and  its  gradient  (34)  are  directly  known  and  a  feasible  direction  can  therefore  be  deter¬ 
mined  . 


ted 


In  a  second  order  algorithm  the  hessian  matrix  of  the  dual  function  has  to  be  evalua- 


H  .. 

Jk 


32Y 

3rJ 


8*k 

3r. 


'  i  I 


c  .  .  c  . . 
l  j  lk 


(35) 


Knowing  the  gradient  (34)  and  the  hessian  matrix  (35)  furnishes  the  Newton  search  direc¬ 
tion  : 


*  -  -  H~ 1 g  (36) 

The  next  dual  point  is  then  given  by 

r+  ■  r  ♦  it  (37) 

where  t  is  the  step  length  determined  so  that  the  dual  function  attains  its  maximum  along 
the  direction  z  (3  I  .  In  a  more  recent  version  of  the  algorithm  the  one  dimensional  maxi¬ 
mization  scheme  is  considerably  simplified  and  most  often  a  regular  Newton  unit  step  is 
taken  [15,17  ] . 

The  DUAL  2  optimizer  implemented  in  SAMCEF  [  19  land  ACCESS  3  [  16  ]  has  been  especial¬ 
ly  devised  so  that  it  seeks  the  maximum  of  the  dual  function  by  operating  in  a  sequence 
of  dual  subspaces  with  gradually  increasing  dimension,  such  that  the  effective  dimensio¬ 
nality  of  the  maximization  problem  never  exceeds  the  number  of  active  behavior  constraints. 
This  number  has  been  found  to  be  relatively  small  in  practice,  which  explains  the  remar¬ 
kable  efficiency  of  the  dual  method  approach. 

To  conclude  this  section,  it  is  interesting  to  notice  that  in  both  primal  and  dual 
second  order  algorithms,  precisdly  the  same  matrix  must  be  inverted  at  each  iteration 
(see  Eqs.(31)  and  (35)  ].  This  matrix  seems  to  play  an  important  role  in  structural  op¬ 
timisation,  since  it  is  also  involved  in  many  conventional  optimality  criteria  techniques 
I  31  J  . 

NUMERICAL  EXAMPLES 

In  this  section  numerical  results  for  several  structural  optimization  problems  are 
presented  in  brief  summary  form.  Attention  is  focused  on  the  compari son  of  various  primal 
and  dual  optimizers  available  in  the  SAMCEF  [ 19,20  J  and  ACCESS  3  [15,16  )  computer  pro¬ 
grams,  including  the  second  order  algorithms  previously  described  (PRIMAL  2  and  DUAL  2). 
Detailed  tabular  input  data  and  results  can  be  found  for  all  examples  in  Refs.  [2,3,15]. 

72-bar  truss 


The  first  example  is  the  widely  used  72-bar  four  level  tower  represented  in  Fig. 3. 
In  addition  to  stress  and  minimum  size  constraints,  displacement  limits  are  imposed  on 
the  four  uppermost  nodes  in  the  X  and  Y  directions.  By  symmetry  the  problem  involves  16 
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independent  design  variables  after  linking.  In  an  interesting  computational  experience 
reported  in  Ref.  [ 15  1 ,  this  problem  was  solved  using  the  NEWSUMT  option  of  ACCESS  3, 
with  three  different  couples  of  values  for  the  response  factor  decrease  ratio  and  the 
number  of  response  surfaces  :  (0.5  x  I),  (0.3  x  2)  and  (0.1  x  3).  Thus  increasingly  exact 
solutions  are  generated  for  each  linearized  problem  (see  Eqs.  15-17)  and  the  approximation 
concepts  approach  gradually  changes  from  a  pure  primal  method  (with  partial  solution  of 
each  explicit  problem)  to  a  pure  linearization  technique  (with  complete  solution  of  each 
explicit  problem).  The  convergence  curves  of  the  weight  with  respect  to  the  number  of 
structural  reanalyses  are  represented  in  Fig. 3.  They  clearly  demonstrate  that  the  more 
precise  solutions  of  the  linearized  problems  lead  to  faster  convergence.  In  the  limiting 
case  where  the  explicit  problems  are  solved  exactly  at  each  stage,  the  NEWSUMT  optimizer 
would  of  course  generate  the  same  sequence  of  design  points  as  the  DUAL  2  optimizer. 

In  fact  the  iteration  history  data  produced  by  SAMCEF  (generalized  optimality  crite¬ 
rion),  by  ACCESS  3  (approximation  concepts)  and  by  the  conventional  optimality  criteria 
techniques  of  Refs  (5,24,27  1  are  identical  (see  Fig. 3).  These  results  numerically  con¬ 
firm  that  a  unified  approach  to  structural  optimization  has  now  emerged,  which  can  be  in¬ 
terpreted  as  a  linearization  method  in  mathematical  programming  or  as  a  generalized  op¬ 
timality  criteria  approach. 


WING  CARRY  THROUGH  MX 


Fig.  3  ITERATION  HISTORY  FOR  72-BAR  TRUSS  Fig.  4  63-BAR  TRUSS 

63-bar  truss 

The  second  example  involves  a  63-bar  truss  idealization  of  the  wing  carry  through  box 
for  a  large  swing  wing  aircraft.  Minimum  weight  design  is  sought  considering  stress  and 
minimum  size  constraints,  as  well  as  a  torsional  rotation  limit  on  the  relative  displa¬ 
cement  of  the  tip  nodes  in  the  X  direction  (see  Fig. 4).  The  iteration  history  data  re¬ 
ported  in  Refs.  (3,5,15  1  are  compared  in  Table  1. 


weight  (lbs) 


Analysis 

number 

ACCESS  3  [15 

J 

SAMCEF 
[  3  ] 

PRIMAL  2 

Conventional 
optimality 
criterion 
(5  ] 

NEWSUMT 
(0.5  x  1) 

NEWSUMT 
(0.5  x  2) 

DUAL 

2 

unsealed 

scaled 

1 

66628 

66628 

66628 

302  14 

302  14 

30214 

2 

16914 

1  2543 

6706 

7573 

7680 

7577 

3 

11137 

8667 

6316 

6546 

6591 

6884 

4 

9338 

7293 

6  195 

6733 

6398 

6928 

5 

8305 

6697 

6157 

6292 

6270 

6801 

6 

7620 

6402 

6138 

6243 

6246 

6609 

7 

7154 

6259 

6129 

6201 

6199 

6473 

8 

6836 

6189 

6  124 

6161 

6159 

6388 

9 

6620 

6154 

6121 

6132 

6126 

6333 

10 

6467 

6137 

6120 

6123 

6123 

6293 

1  1 

6362 

6128 

6  119 

6121 

6121 

6263 

12 

6289 

6123 

6  118 

6120 

6120 

6241 

13 

6238 

6  12  1 

6118 

6  119 

6  119 

6231 

14 

6203 

6  120 

61  18 

6216 

15 

6178 

61  19 

6  118 

6220 

50 

6159 

CPU  time  ( 

sec) 

total 

108 

163 

60 

analysis 

44 

46 

4  1 

optimization  59 

1  1  3 

14 

Table 

1  Iteration 

history  data 

for  63-bar 

truss 
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The  NEWSUMT  option  of  ACCESS  3(15]  leads  to  a  sequence  of  non  critical  feasible  designs 
with  monotonically  decreasing  weight,  which  corresponds  well  to  the  primal  philosophy  of 
this  solution  scheme.  Once  again,  when  the  linearized  problem  is  solved  with  more  accu¬ 
racy,  the  convergence  of  the  weight  becomes  faster,  but  the  computational  cost  increases 
substantially.  Solving  exactly  each  linearized  problem  using  the  DUAL  2  optimizer  yields 
a  sequence  of  infeasible  designs  (unsealed  weights  in  Table  I).  Consequently  scaling 
produces  feasible  critical  designs  with  an  occasional  increase  in  the  feasible  weight 
from  one  iteration  to  the  next  (scaled  weights  in  Table  I).  It  can  be  seen  that  DUAL  2 
furnishes  an  optimal  design  after  a  smaller  number  of  structural  reanalysas than  NEWSUMT, 
and  at  a  much  lower  computational  cost  (60  sec  for  DUAL  2  and  163  sec  for  NEWSUMT  on 
IBM  360-91  at  CCN,  UCLA).  It  is  worthwhile  noticing  that  the  computer  time  expended  in 
the  optimizer  portion  of  the  program  remains  small  when  DUAL  2  is  employed,  despite  the 
relatively  large  dimensionality  of  the  dual  problem  (15  active  behavior  constraints  at 
the  optimum  design). 

The  PRIMAL  2  option  of  SAMCEF  (  3  ]  yields  also  excellent  results  for  this  problem. 
This  is  not  surprising,  since  the  optimality  criteria  method  used  in  SAMCEF  consists  in 
solving  exactly  each  linearized  problem  generated  in  sequence,  just  as  ACCESS  3  does  when 
the  DUAL  2  optimizer  is  selected.  As  a  result,  Che  iteration  histories  produced  by  both 
computer  programs  are  about  the  same.  The  small  differences  are  due  to  the  fact  that  the 

SAMCEF  results  were  obtained  by  using  zero  order  approximations  for  some  of  the  stress 

constraints,  instead  of  first  order  ones  (hybrid  optimality  criterion  ;  see  Refs  [3,6  ]). 

Finally  the  conventional  optimality  criteria  technique  of  Ref.  [51  does  not  lead  to 

very  good  results  for  this  example,  mainly  because  it  employs  zero  order  approximations 
for  all  the  stress  constraints  (fully  stressed  design  criterion).  Consequently  50  struc¬ 
tural  reanalyses  do  not  suffice  to  achieve  convergence,  while  methods  based  on  first  or¬ 
der  approximation  of  the  stress  constraints  generate  an  optimum  design  after  less  than 
15  stages. 


I-beam 


Attention  is  now  directe 
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In  a  first  optimization  exercise  lower  and  upper  bounds  were  imposed  on  each  three 
eigenf requencies .  The  curves  represented  in  Fig. 6  reproduce  the  variation  of  the  weight 
and  frequencies  with  the  number  of  structural  rean8lyses.  Only  5  analyses  are  sufficient 
to  generate  an  optimum  design.  The  fundamental  frequency  does  not  reach  the  prescribed 
lower  bound,  nor  the  upper  bound.  The  two  next  frequencies  are  equal  to  their  respecti¬ 
ve  minimal  allowable  value. 

Next,  equality  constraints  were  assigned  to  each  three  frequencies,  in  order  to  re¬ 
duce  the  fundamental  frequency  to  I  Hz,  while  keeping  the  two  other  frequencies  at  I .2  Hz 
and  2.5  Hz,  respectively.  The  iteration  history  presented  in  Fig.6.B  again  demonstrates 
the  remarkable  efficiency  of  the  generalized  optimality  criterion.  The  increase  in  the 
weight  after  the  first  redesign  stage  is  due  to  the  equality  constraint  which  is  now  im¬ 
posed  on  the  first  frequency.  Note  that  only  six  structural  reanalyses  are  required  to 
achieve  convergence. 


Fig.  7  DELTA  WING  MODEL 


Fig.  8  ITERATION  HISTORY  FOR  DELTA  WING 


Delta  wing 


Consideration  is  now  given  to  a  thin  delta  wing  structure  with  fiber  composite  skins 
and  metallic  webs  (see  Fig. 7).  Several  more  and  more  realistic  versions  of  the  problem 
were  studied  in  Refs.  (8,9,10,15  ]  using  the  ACCESS  code.  In  the  final  version  the  skins 
are  assumed  to  be  made  up  of  0°,  ±  45‘  and  90*  high  strength  graphite  epoxy  laminates. 

The  laminates  are  required  to  be  balanced  and  symmetric  and  they  are  represented  by  sta¬ 
cking  four  constant  strain  orthotropic  elements  in  each  triangular  region  shown  in  Fig. 7. 
Therefore  the  upper  half  of  the  delta  wing  is  modeled  using  252  orthotropic  membrane  ele¬ 
ments  to  represent  the  skin  and  70  symmetric  shear  panel  elements  for  the  vertical  webs. 
However,  after  design  variable  linking  the  number  of  independent  variables  is  reduced  to 
60.  The  wing  is  subject  to  a  single  static  loading  acting  in  combination  with  a  tempe¬ 
rature  change  condition.  Static  deflection  constraints  are  imposed  at  the  wing  tip  nodes 
and  the  strength  requirements  are  based  on  the  maximum  strain  failure  criterion.  In  addi¬ 
tion,  a  lower  bound  is  assigned  to  the  fundamental  natural  frequency  while  fixed  masses 
simulate  fuel  in  the  wing.  Minimum  gage  sizes  are  also  specified. 


analysis 

number 

NEWSUMT  (continuous) 

DUAL  2 

(  continuous) 

DUAL  1 

(mixed) 

we ight 
(xlO3  lbs) 

frequency 

(cps) 

weight 
(* 1  o’  lbs) 

frequency 

(cps) 

weight 
(xlO3  lbs) 

frequency 

(cps) 

1 

86.82 

2.829 

86.82 

2.829 

86.82 

2.829 

2 

70.26 

2.650 

21.39 

2.016 

20.83 

2.009 

3 

58.11 

2.516 

16.75 

1.961 

17.17 

2.000 

4 

49.16 

2.  396 

14.34 

1  .937 

15.40 

1 .974 

5 

42.64 

2.293 

14.85 

2.007 

14.99 

2.000 

6 

38.04 

2.209 

13.98 

I  .987 

14.40 

1 .994 

■7 

33.93 

2.127 

13.81 

2.003 

14.08 

1.996 

8 

29.86 

2.042 

13.62 

2.007 

13.92 

2.003 

9 

26.78 

2.010 

13.41 

2.005 

13.52 

1  .998 

10 

24.56 

2.009 

13.24 

2.004 

13.41 

2.003 

1  1 

22.64 

2.010 

13.10 

2.002 

13.37 

2.009 

1  2 

20.95 

2.010 

12.99 

2.001 

13.29 

2.003 

1  3 

19.48 

2.010 

12.91 

2.001 

13.29 

2.000 

14 

18.21 

2.010 

12.85 

2.000 

15 

17.12 

2.009 

12.81 

2.000 

20 

14.06 

2.003 

25 

13.56 

2  .002 

1 

29 

13.47 

2.002 

CFU  time 

(  sec) 

total 

719 

261 

253 

analysis  564 

252 

234 

optimization  145 

2 

12 

Table  2  Iteration  history  data  for  delta  wing 

Iteration  history  data  presented  in  Table  2  were  obtained  using  the  NEWSUMT,  DUAL  2 
and  DUAL  1  optimizers  available  in  ACCESS  3(15  1 .  Since  the  fundamental  natural  fre¬ 
quency  constraint  is  the  main  design  driver  in  this  example  ,  its  value  as  well  as  the 
weight  for  each  design  in  the  sequence  is  given.  Initially  the  problem  was  treated  using 
a  continuous  representation  for  all  the  design  variables,  although  the  fiber  composite 
skins  must  in  fact  be  described  by  discrete  variables  (number  of  plies).  The  aim  was 
simply  to  compare  the  efficiency  of  the  NEWStJMT  and  DUAL  2  optimizers.  It  can  be  seen 


22-12 


that  the  advantages  of  using  the  dual  method  approach  are  significant  for  the  delta  ving 
example  (see  Table  2).  Not  only  ia  the  computational  effort  expended  in  the  optimizer 
portion  of  the  program  reduced  dramatically  (from  145  sec  for  NEWSOMT  to  2  sec  for  DUAL  2), 
but  the  number  of  structural  reanalysaa  required  for  convergence  ia  also  considerably  de¬ 
creased  (29  and  IS  stages  for  NEWSUMT  and  DUAL  2,  respectively).  Note  that  the  NEVSUMT 
optimizer  again  produces  feasible  improved  designs  (primal  solution  scheme),  while  some 
of  the  designs  in  the  DUAL  2  sequence  are  slightly  infeasible  with  reapect  to  the  fre¬ 
quency  constraint. 


Attention  is  now  focused  on  the  results  obtained  in  the  mixed  continuous-discrete  va¬ 
riable  case,  where  the  metallic  web  thicknesses  are  still  taken  as  continuous  design  va¬ 
riables  while  the  variables  describing  the  laminated  fiber  compoaite  skin  are  discrete 
(more  precisely,  integer  variables  representing  the  number  of  plies).  The  DUAL  I  option 
of  ACCESS  3  must  therefore  be  employed  (see  Ref.  [15  ]).  Iteration  history  data  are  gi¬ 
ven  in  Table  2  and  illustrated  in  Fig. 8.  It  should  be  emphasized  that  DUAL  1  obtains  a 
solution  to  the  mixed  variable  problem  in  fewer  stages  (and  less  time)  than  DUAL  2  requi¬ 
res  to  obtain  the  pure  continuous  variable  solution. 


Aircraft  spoiler 

The  spoiler  represented  in  Fig.  9  has  been  analyzed 
ercise  using  the  mixed  method  available  in  SAMCEF  [  3  ) 
signed  in  light  aluminum  alloy  sheet.  The  front  spar 
by  twelve  ribs  and  covered  by  two  skins  reinforced  by 
at  three  points  and  activated  at  one,  in  the  midspan, 
tribution  on  both  faces,  corresponding  to  two  flight  c 
flexibility  constraint  is  imposed,  which  stipulates  th 
straight  within  a  tolerance  e  ■  0.5  mm,  in  order  to  el 
the  initial  design  this  requirement  was  achieved  by  pr 
This  costly  procedure  had  to  be  avoided  in  the  final  o 
flexibility  constraints  are  introduced  which  assign  an 
solute  value  of  the  difference  between  any  two  deflec 
Fig. t 1).  In  addition  maximum  allowable  stresses  and  m 
which  differ  from  places  to  places  depending  on  the  ma 
s  iderations . 


in  detail  in  an  optimization  ex- 
.  The  structure  is  classically  de- 
and  the  secondary  spar  are  joined 
stringers.  The  spoiler  is  hinged 
The  loads  consist  in  pressure  dis- 
onf igurations .  In  one  of  them  a 
at  the  trailing  edge  has  to  remain 
imate  contact  with  the  flap.  In 
ecambering  the  spoiler  (see  Fig. 9). 
ptimized  design.  So  differential 
upper  limit  e  •  0.5  mm  to  the  ab- 
tions  along  the  trailing  edge  (see 
inimum  thicknesses  are  imposed, 
terial  used  and  manufacturing  con- 


Fig.  10  FINITE  ELEMENT  MODEL  OF  THE 
SPOILER 


Fig.  II  ITERATION  HISTORY  FOR  AIRCRAFT 
SPOILER 


of  design  variables.  Note  that  the  initial 
that  the  original  design  of  the  spoiler  did 
traints  when  precambering  was  suppressed 


Several  final  element  models  of  the  struc¬ 
ture  were  investigated,  made  up  of  27,64,125 
and  627  elements  (see  Ref.  [2]).  The  final  mo¬ 
del  is  illustrated  in  Fig.  10.  It  involves 
627  second  degree  displacement  elements  and 
2300  degrees  of  freedom.  Based  upon  experi¬ 
ence  accumulated  from  the  study  of  the  sim¬ 
pler  models,  it  was  concluded  that  the  mixed 
method  had  to  be  used  for  solving  the  spoiler 
problem.  So  a  first  order  projection  algorithm 
was  employed  and  it  was  necessary  to  limit  the 
number  of  minimization  steps  k  to  avoid  diver¬ 
gence  of  the  process  (note  that  the  second  or¬ 
der  primal  algorithm  previously  described  was 
not  available  at  the  time  of  the  investiga¬ 
tion).  This  means  that  any  method  based  on 
optimality  criteria,  (including  dual  algo¬ 
rithms)  would  not  succeed  in  solving  this 
problem. 

Results  are  presented  in  Fig. I  I .  As  ex¬ 
pected  from  the  experience  gained  with  the 
simplified  problems,  a  good  convergence  was 
obtained  with  the  mixed  method  by  setting 
ft  ■  500,  that  is,  slightly  below  the  number 
scale  up  of  the  weight  is  due  to  the  fact 
not  satisfy  the  differential  flexibility  cons- 
Hence  after  scaling  up  the  member  sizes  to 
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obtain  a  faaaibla  design  the  weight  jumps  from  10  to  40  kg.  After  13  structural  reana¬ 
lyses,  the  original  weight  of  10  kg  is  recovered,  but  it  corresponds  of  course  to  a  very 
different  design  (see  Kef.  (2  ]). 

CONCLUSIONS 

A  powerful  and  rather  general  approach  to  structural  optimisation  is  achieved  by  re¬ 
placing  the  original  problem  with  a  aequence  of  explicit  approximate  problems  and  solving 
them  using  either  primal  or  dual  algorithms.  A  primal  solution  scheme  yields  a  mixed  me¬ 
thod,  with  properties  lying  between  those  of  the  optimality  criteria  techniques  and  those 
of  pure  mathematical  programming  methods.  A  dual  solution  scheme  leads  to  generalisation 
of  the  optimality  criteria  approaches,  with  a  rational  procedure  for  identifying  the 
strictly  critical  constraints  (including  the  classical  subdivision  of  the  design  variables 
into  passive  and  active  groups). 

The  advantages  and  drawback  of  both  mixed  and  dual  nethode  can  be  outlined  as  follows  : 

.  dual  methods  are  usually  efficient  and  computationally  economical  but  they  are 
subject  to  instability  in  the  convergence  of  the  structural  weight  ;  on  the  other 
hand  mixed  (primal)  methods  facilitate  better  control  over  convergence  of  the 
entire  optimisation  process,  at  the  price  of  a  higher  computational  cost  ; 

.  mixed  methods  can  be  applied  to  objective  functions  that  are  more  complex  than 
the  structural  weight,  or  to  problems  requiring  non  separable  approximation  of 
the  behavior  constraints,  while  dual  methods  cannot  ;  on  the  other  hand  dual  me¬ 
thods  are  readily  extendable  to  problems  involving  discrete  design  variables 
(see  Ref s  .flS  ,18]  ,  while  known  primal  methods  appear  to  be  cumbersome  and  com¬ 
putationally  expensive  for  such  problems  ; 

.  finally,  because  the  dual  problem  exhibits  a  much  simpler  form  than  the  primal 
problem,  the  computer  implementation  of  the  structural  optimization  method  seems 
to  be  more  reliable  with  dual  algorithms  than  with  primal  ones. 
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SOM4AIRE 


Nous  present on*  la  mAthode  d' optimisation  sur  module  d'£l£ments  finis  utilisAe  couraonent 
aux  AMD-BA  pour  minimiser  la  masse  structurale ,  dtveloppSe  avec  le  support  de  la  DRET 

Les  paramAtres  de  1' optimisation  sont  des  facteurs  muLti.pl icat if s  de  l'Schantillonnage  de 
groupes  d’£l£ments  finis. 

Les  contraintes  d' optimisation  sont  de  diverse*  natures  : 

-  Minimum  technologique,  loi  d' us inage  simple. 

-  Limitation  des  deformations,  des  contraintes  Alastiquea,  d'efforts  g£n£raux,  par  critAres  de 
rupture  complexes . 

-  Limitation  des  coefficients  aeroAlastiques,  des  efficacitSs  de  gouverne. 

-  Limitation  dynamique  ;  frequence  propre,  vitesse  de  Flutter,  rdponse  transitoire  et  forcde. 

Le  processus  d' optimisation  est  itSratif.  Cheque  iteration  comprend  trois  Atapes  : 

-  Analyse  :  statique,  dynamique  et  aArodlastique. 

-  Calcul  des  ddrivdes  partielles  des  contraintes  par  rapport  aux  paramAtres. 

-  Optimisation  non  lindaire  avec  une  formulation  explicite  approchee  des  contraintes. 

La  convergence  est  obtenue  pratiquenent  en  3  A  4  iterations.  Le  cout  de  l’optimisation 
est  de  6  A  10  fois  celui  d 1 une  simple  analyse. 

Nous  presentons  2  exemplesd' applications  pratiques  : 

-  Optimisation  d'une  voile re  A 

-  Optimisation  d'un  empennage  en  matdriaux  composites. 

SUMMARY 

The  optimization  method  used  at  AMI -BA  for  ninimising  weight  by  a  finite  element  model 
is  described. 

Now,  this  method  is  a  routine  process  in  our  new  designs. 

The  optimization  parameters  are  multiplicative  factors  of  the  stiffness  of  linked  finite* 

elements. 

The  optimisation  constraints  can  be  of  different  types  : 

-  Technological  minimum  thickenesses,  simple  tooling  rules,  etc... 

-  Limited  displacements,  stresses  and  strains,  miscellaneous  failing  under  tensile  stress  and  local 
buckling 

-  Static  aeroelastic  limitations  on  aeroelastic  coefficients  and  control  efficiencies. 

-  Limitations  on  flutter  speed  and  dynamic  responses. 

The  optimization  process  is  iterative,  each  iteration  including  three  steps  : 

-  Analysis  :  static,  dynamic  and  aeroelastic 

-  Computation  of  partial  derivatives  of  the  constraints  relative  to  the  parameters 

-  Explicit  non-linear  optimization 

Convergence  is  obtained  after  3  to  4  iterations,  the  global  cost  of  an  optimization  reach 
from  8  to  12  tisms  the  cost  of  a  simple  analysis. 

Two  practical  example*  are  presented  : 

-  optimization  of  a  A  wing 

-  optimization  of  a  carbon  epoxy  empennage. 
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I  -  EVOLUTION  DE  NOT HE  METHODE 


Traditionnellement ,  le  dessinateur  optimise  une  structure  vis-4-vis  des  contraintes  Elastiques 
par  la  mdthode  du  "fully  stress  design"  (F.S.D.)  ;  on  pose  que  le  "chemineaent  des  efforts"  est  peu  sen¬ 
sible  aux  variations  d'Echantillonnage,  ce  qui  conduit  pour  allEger,  4  multiplier  les  sections,  les 
Epaisseurs  ou  les  inerties,  par  le  rapport  de  la  contrainte  calculEe  (ou  mesurEe)  4  la  contrainte  admis¬ 
sible.  Ce  processus  converge  plus  ou  mo  ins  bien,  il  a  des  dCfauts  majeurs  : 

-  SubjectivitS  des  hypothises  sur  le  “chemin  des  efforts"  dans  les  structures  hypers tatiques. 

-  Le  point  de  convergence  n'est  pas  forcEment  options  et,  de  plus,  il  am4ne  4  faire  travailler 
partout  la  structure  4  sa  contrainte  maxi  male  admissible,  ce  qui  n'est  pas  le  cas  4  l 'optimum 
reel  trouve  par  not re  methode . 

-  On  ne  tient  pas  compte  de  faqon  rationnelle  des  contraintes  de  rigiditE,  aEroElasticitE, 
flutter. . . 

La  nScessite  d'utiliaer  un  processus  plus  efficace  s'est  accentuEe  avec  nos  derniers  projets 
d'avion  militaire  4  structure  tres  hyperstatique,  sensible  4  l'adrodis tors ion  et  comportant  de  noobreux 
sous -ensembles  en  materiaux  composites. 

La  mise  au  point  de  l'outil  d'optimisation  s'est  faite  par  phases  succesaives. 

a)  Mise  au  point  d'un  outil  d'analyse  performant 

L'optimisation  n'est  envisageable  qu'aprEs  la  mise  au  point  d'un  outil  d'analyse  suffisamsent 
efficace  pour  pouvoir  iterer  sans  codt  prohibitif.  Le  module  d'optimisation  est  construit  autour  de  notre 
code  ELFINI  qui  regroupe  autour  d'un  noyau  elements  finis  les  grandes  branches  de  1 'analyse  des  structures 
aeronautiques  (planche  I). 

-  Calcul  des  contraintes  statiques  lineaires  et  non  lindaires. 

-  Aeroelasticite  statique,  calcul  et  gestion  des  charges. 

-  Reduction  dynamique,  flutter,  rdponse  transitoire  et  forcde. 

-  Transfert  de  chaleur,  calcul  des  cartes  de  teaipdrature. 

-  Propagation  de  fissures. 

Cet  outil  est  utilise  pour  le  calcul  de  tous  nos  avions  depuis  1970,  citons  parmi  ses  caractdristiques 
les  plus  importances  pour  l'optimisation  : 

-  Resolution  des  equations  d'dquilibre  par  une  variante  tres  performance  de  la  methode  de 

Gauss  Frontale  qui  fournit  la  matrice  de  rigiditd  factorisde,  4  partir  de  laquelle  les  rdsolutions 
avec  de  nombreux  chargements  sont  faites  en  differe,  4  bon  compte  ;  ces  sequences  de  resolution 
font  l'essentiel  du  temps  de  calcul  des  grandes  branches  du  prograame,  en  particulier  de  l'opti¬ 
misation  pour  le  calcul  des  "derivdes  partielles"  des  contraintes. 

-  Elaboration  et  maniement  des  maillages  en  mode  intEraccif  ou  en  batch  par  la  "methode  topolgique" 

(ref.  5  )  qui  permet  de  dEcrire  les  noeuds  et  les  elements  par  "pave”  de  propriety  constante 

dans  un  espace  d' indices, 

-  Gestion  automatique  et  quasi- transparence  par  1 'utilisateur  de  la  banque  des  donnEes  gEnErees 
par  chaque  module  sur  un  fichier  unique. 

-  Un  moniteur  gere  l'appel  des  modules  en  allouant  dynamiquement  la  memo ire,  permettant  d'introduire 
trEs  aisement  les  iterations  sur  les  modules  et  les  branches  du  programme . 

b)  DErivEes  partielles 

La  premiEre  phase  de  l'optimisation  a  EtE  le  calcul  direct  des  dSrivEes  partielles  des  contraintes 
d'optimisation  par  rapport  aux  paramEtres  qui  sont  des  facteurs  multiplicatifs  de  l'Echantillonnage 

de  groupes  d1 elements  finis. 

Nous  disposons  de  la  derivation  : 

-  des  deformations, 

-  des  contraintes  Elastiques,  contraintes  principales,  contraintes  Equivalences  et  critires  de 
flambage  locaux, 

-  des  efforts  locaux,  des  reactions  entre  sous-ensembles, 

-  des  coefficients  aEroElastiques,  des  vitesses  de  divergence  et  d'inversion  de  gouverne, 

-  des  frequences  propres, 

-  des  vitesses  de  Flutter, 

-  des  rEponses  dynamiques  transitoires. 
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c)  Introduction  d'algorithmea  d' optimisation 
cl  -  Optimisation  lindaire 

A  partir  da*  ddrivdea  partielles  daa  contraintaa,  il  cat  tentant  da  calculer  autosutiqueaent 
la  rddchantillonnage  optimal  mininicant  la  oaaae  at  satisfaisant  aux  contraintaa  d'optiaiaation, 
an  utiliaant  une  m&thode  d'optiaiaation  lindaire  at  d’itdrer.  Noua  avona  posd  qua  laa  contraintaa 
aont  daa  fornea  lindaires  dea  paramdtres,  la  oaaae  de  la  atructure  it ant  alia  autai  une  fonction 
lindaire  dea  paramitraa.  Noua  avona  rdaolu  ce  probldme  de  prograaaation  lindaire  par  la  md  thode 
du  ainplax.  Malhaureuaement ,  ce  procaaaua  na  converge  paa  directcment,  il  n'eat  praticable  qu'en 
rajoutant  3  cheque  itdration  dea  contraintea  aur  1'aoplitude  de  la  variation  dea  paramitraa  qui 
an  rendant  la  cofit  prohibitif. 

c2  -  Optimisation  non  lindaire 

Pour  palier  i  cet  inconvenient,  noua  avona  fait  1 'hypothec  (exacte  pour  lea  atructurea 
iaoatatiquea)  que  lea  contraintea  etaient  dea  fonctiona  lindairea  de  l'inverae  dea  paramitrea. 

La  maaae  devenant  homographique,  le  problime  i  traiter  devient  non  lindaire.  Noua  avona  utilied 
dea  methodea  de  lindariaation  paa  4  paa  combindea  i  un  gradient  projetd,  puia  de  gradient  conjugud 
projete.  Ces  algorithmea  qui  traitent  le  caa  dea  contraintea  adoiaaiblea  fonctiona  dea  paramitrea 
(flambage  local),  convergent  en  3  4  4  redchantillonnages . 

Noua  perfectionnona  cet  algorithme  en  prograamant  diveraea  loia  approchdea  devolution  dea 
contraintea  en  fonction  dea  parametres,  loia  ddfiniea  4  partir  de  valeur  de  la  contrainte  et  de 
aes  ddrivees  au  point  d’analyae  ;  l'utiliaateur  fait  aon  choix  en  fonction  de  la  contrainte  d'opti- 
mi s at ion  sdlectionnee. 


c3  -  Maximisation  de8  marges  de  securite 

Dans  le  probleme  habituel  d' optimisation  de  structure,  la  fonction  minimiade  eat  la  masse  ; 
dans  un  certain  nombre  de  caa,  noua  sonmes  amends  4  minimiser  le  rapport  "contrainte/contrainte 
admissible"  le  plus  defavorable,tout  en  ne  depass ant  pas  une  masse  donnee.  Le  caractire  non  lindaire 
de  ce  probleme  eat  plus  accentue  que  celui  de  la  minimisation  de  la  masse. 


2  -  DESCRIPTION  DE  LA  METHODE 


2. 1  -  Organigramme  general  (PI.  2) 

2.2  -  Calcul  dea  deriveea  partielles  des  contraintea  d'optimiaation 

C'est  la  phase  du  calcul  la  plus  importante  en  temps  ordinateur,  la  faqon  de  calculer  diffdrant 
notablement  entre  lea  problemes  statique  et  dynamique. 


2.21  -  Contrainte  fonction  lindaire  des  deplacements  statiques  (deplacement ,  contrainte 
dlastique,  effort  local,  rdaction,  etc.,.) 

Lea  deplacements  X  sont  obtenus  par  la  rdsolution  du  systdme  : 


© 


F-[K]  X 


Frontale  dans 


M- 

La  matrice  de  rigidite  [K]  eat  inversee,  implicitement  par  la 
l’analyae  E.F. ;  sa  forme  en  fonction  des  parametrea  \  eat  : 

©  [k]  .  Ko  +  Z  Xi  [OK/^Xi] 


forces  extdrieures 

matrice  de  rigiditd 
mdthode  de  Gauss 


[w/iiij 


sont  la  somme  dea  matrices  de  rigiditd  des  dldments 


Lea  matrices 

constituent  le  paramdtre 

En  dif fdrenciant  I ,  il  vient  la  relation  fondamentale  : 


©  AX  --[k]"1  [AK]  X 


sachant  que  : 

Q.[4Q/4X]  X 
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© 

© 


il  vient  : 

[5<T/dX]-_[da/0x][K]_1[5K/6X]  x+|^.(5a/dx)]  X 

£f(]  Ctant  symCtrique,  4  peut  se  transformer  en 

[ia/ax] . -([«]"’  [a<r/6x]tJt  [an/a  x]  x  .  [  A.  (ad/ax)]  x 

Dans  Xes  relations  4  et  5,  las  sauls  calculs  couteux  en  ordinateur  sont  les 
resolutions  : 


[k]'1  [i>K/ax]  x 
[k]-’ [ad/ax]t 


pour  la  formule  4 


pour  la  formule  S. 


La  formule  4  coQte  le  prix  de  Kb  re  param&tres  X  Nbre  de  chargements  seconds  membres 
au  systeme  1. 

La  formule  S  coOte  le  prix  de  Kbre  cont  rain tea  examinees  seconds  membres  au  systeme  1. 


La  pratique  guide  le  choix  entre  cea  2  formules  3  partir  des  considerations  suivantes  : 


-  le  nombre  de  contraintea  elastiques  examinees  est  en  general  de  2  3  3  fois  celui 
des  parang t res, 

-  si  il  y  a  plusieurs  cas  de  charges,  les  contraintes  sensibles  ne  sont  pas  ngces- 
sairement  aux  memes  points,  ce  qui  entraine  que  la  methode  5  n'est  rentable  que 
si  nous  avons  plus  de  3  ou  4  chargements  dimens ionnants. 


2.22  -  Contrainte  fonction  non  lingaire  des  deplacements  statiques  (contrainte  principale, 

contrainte  equivalents,  crittre  de  rupture,  etc. 

On  se  ramdne  aux  formulas  4  et  J  precedences,  I'operateur  |«^U/uX|  etant  linearise 
au  voisinage  de  X  (X)  1  '  ' 

2.23  -  Derivees  des  contraintes  aeroeiastiques  statiques 


I. ’expose  de  leur  calcul  ct  de  leur  derivation  est  assez  complexe.  Il  est  detailie  dans 
la  reference  I  et  brigvement  resume  dans  1’ annexe  1.  Il  faut  retenir  qu’elles  sont  calcuiees 
exactement  par  un  processus  issu  de  la  formule  5  et  que  leur  cout  est  celui  de  1  second  me mb re 
au  systems  I  par  contrainte. 


2.3  -  Contraintes  dynamiques 

Compardes  au  calcul  statique  ofl  les  formules  de  derivation  sont  exactes,  les  derivations  des 
contraintes  dynamiques  ne  sont  qu’approchges  ;  ce  phenomena  vient  Ju  fait  que  les  calculs  dynamiques 
s'effectuent  sur  une  base  rdduite  par  rapport  aux  elements  finis  (en  general,  une  base  de  modes 
propres) ,  et  il  est  ndcessaire  que  les  chargements  intervenant  dans  le  calcul  des  derivees  puissent 
se  decomposer  dans  la  base  rdduite. 


Cette  condition  itant  remplie,  let  calculs  de  derivation  sont  moins  chert  qu'en  statique  car 
les  manipulations  ont  lieu  dans  la  base  rdduite. 


2.31  -  Derivees  d'une  frequence  propre 

Ces  derivees  sont  d'un  coflt  insignif iant,  en  effet,  si  V  est  mode  propre  et  CO ^ 
valeur  propre  du  systeme  ; 

[m]x“  ♦  [k]  x-0 

le  quotient  de  Rayleigh  3  (X)  -  Xt  [K]  X/Xt[M]  X 
est  stationnaire  et  egal  3  CO  *  pour 

X  .  V 
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entrainant  la  nulliti  da*  dtrivies  par  rapport  i  X  aoit 

A  CD*  «  Vt  [ak]  v/vt  [ m]  V  -  U>*  Vt  [  A M]  V/Vfc  [m]  V 


I 

'  1 


i  * 


2.32  -  Ddrivde«d'un  extremum  d'une  reponse  transitoire 

Nous  avons  dans  la  base  E.F.  1* Squat ion  de  la  mfcanique  linearisde 

©  [H]X%[K]X-F(t) 

supposde  reaolue  dans  la  base  rdduite  X  m  [V]  X 

par  integration  de  [m  1  x"  .  [k]  *  -  f  (t)  © 

avec  [m]  -  vt  [m]  V  [Jc]  -  Vt  [K]  V  F  ( t )  -  Vt  r  It) 

Une  contrainte  dynamique  G  s'ecrivant  : 

<u[ac/ax]x- [ac/ax]  [v]  x-  [ac/ax]x 

La  reponse  derivee  de  1’ equation  6  s'^crit  : 

©  [n]AX%[K]  AX  — [am]x"-[ak]x 

qui  ne  differe  de  6  que  par  le  second  membre,  si  on  pose  que  ce  dernier  se  decompose 
dans  [V]  ,  il  vient  : 

(9^  [m]  Ax"+[k]  Ax  [Am]  x*’-[Ak]  x 

aVeC[Am]«Vt  [AM]  V  [Ak]  as  Vt  [AK]  V 

1* integration  de  9  conduit  aux  reponses  derivees  : 

©  a  (T(t)  -[a<r/dx]A*t 

Formule  valable  pour  la  variation  dea  extremum  de  (fy 
car 

d  <r  (a,  t)  *>  [  ag/ax]  dx  +lw/ttTdt 

2.33  -  D6rivees  d'une  fonction  de  transfer!  d'une  reponse  forcee,  d'une  reponse  i  une 

excitation  alSatoire 

Elle  s’effectue  par  derivation  exacte  dans  la  base  reduite  (calcul  detaille  rSf.  I). 

2.34  -  Contrainte  de  vitesse  de  flutter 

Son  calcul  eat  complexe,  il  s'apparente  3  celui  de  la  variation  d'une  frequence 
propre.  On  trouvera  le  detail  dans  la  reference  I,  nous  le  resumons  dans  l'annexe  2. 

3  -  MODULE  D'OPTIMISATION  EXPLICITS 

L'idee  directrice  est  de  remplacer  le  comportement  exact  des  contraintes  qui  n'est  connu 
qu' implicitement  au  travers  de  l'analyse  E.F.  par  une  formulation  acplicite  <*(A)  approchde 
permettant  toutes  lea  tabulations  necessaires  &  bas  prix. 

choisie  telle  que  pour  X  m  X  analyse 

G*(X)  -  Ge.f.  AG*(A)/AX  -  AG  E.F. /OX 

G*(A)  doit  Stre  exacte  pour  lea  structure*  isostatiques 
G*(A)  doit  avoir  un  bon  comportement  quand  A  •  •• 


et 


x 


o 
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Nous  avons  essaye  plusieurs  types  de  cooporteraent  <H*)  (REf.  I).  Celui  qui  seable  le 
plus  efficace,  jusqu'E  nouvel  ordre,  est  de  poser  que  les  contraintes  sont  linEaires  par  rapport  R 
1' inverse  des  paraaStres  (exact  en  isostatique) . 

Soit  avec  oc|  »  l/X!  q i j  --1/oq*  iflTjE.F./iAi 

Gj* (o«)  —  a0j  +  I  aij  ocj 

Le  problSme  d'optimisation  devient  t 


en  satisfaisant  aux  inequations  < 


La  valeur  admissible  des  contraintes  '•J  \nl  n'est  pas  constante  dans  les  cas  de 
contraintes de  flambage  local  ;  nous  la  prenons  alors  comme  fonction  d'un  seul  des  parametres(obtenue 
par  les  critSres  de  flambage  local  class iques. 

Nous  utilisons  2  types  de  methods  pour  resoudre  ce  probleme  d'optimisation  explicite  : 

-  cas  general  : 

sequences  de  prograamations lineairesavec  introduction  de  contraintes  supplements ires 
de  linearite. 

-  cas  oQ  les  contraintes  admissibles  sont  constantes  : 
gradient  conjuguE  projete  avec  normalisation  adequate. 

L'algorithme  du  gradient  conjugue  projete,  dEtaillE  dans  la  ref.  I  minimise  la  fonction  de 
cout  par  gradient  conjugue  non  lineaire  (ref.  3)  et  cela  dans  le  sous-espace  des  contraintes 
touchees  (gradient  remplace  par  sa  projection  dans  le  sous-espace  des  contraintes  touchEes) . 

La  condition  d'abandon  des  contraintes  est  celle  du  simplex  (composante  positive  de  la  projec¬ 
tion  du  gradient  sur  les  contraintes  touchEes) .  Le  cout  de  cet  algorithme  est  de  1 'ordre  de 
grandeur  dequelques  foisl’ inversion  d'une  mat rice  de  rang  N  parametres. 

L'algorithme  est  accelEre  en  effectuant  une  mise  S  l'Echelle  rendant  unitaire  le  Hessien 
tangent  de  la  fonction  de  cout  A  certains  pas  du  calcul. 

4  -  SOUS-ITERAT ION 


Ooj  -  <r  LF.  ♦  ^  aij  (ofj-ofj.) 
X  mi/o<j  minimal 

aoj  +  ?  a»j  °*i  ^  (°0 

o<  ^  1  j  A  i  mini 

a.  t\\ 


Le  cout  du  calcul  d'optimisation  sous  certaines  contraintes,  contrainte  dynamique.  Flutter, 
critere  de  flambage,  etc...,  Etant  relativement  peu  ElevE  par  rapport  au  coflt  de  l'analyse,  il  est 
quelquefois  avantageux  pour  amEliorer  la  convergence  de  procEder  1  des  sous-itErations  selon  le 
modcle  ci-dessous  : 


Analyse  E.F.1 
I  Modas  propres  I 

I 


DErivEe  des  contraintes  statiques 


DErivecs  des  matrices  de  masse  et 


Analyse  dynamique 
base  rEduite 

I 


jjlErivEe^contraintedynamiqueJ 

^&alyse_iiamfcage^localJ 

|  DErivEe  critfere  de  flaiO>age  local  | 


Optimisation  non  linEaire 

^^=3 - 
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5  -  COUP  DE  POUCE  PINAL 


Cette  option  est  trie  utile  en  pratique.  Elle  permet  de  voir  iomAdiatement ,  en  conversa- 
tionnel  A  1' Scran,  l’effet  de  petitee  modifications  dee  paramAtres  sur  lee  contreintes  sAlectionnfes, 
ft  partir  du  tableau  dee  dArivAes  partielles.  On  prend  ainsi  en  coapte  trie  facilement  lea  petitee  dif¬ 
ferences  inivitables  entre  le  dessin  riel  et  le  rSsultat  de  l'optimisation. 

6  -  MAXIMISATION  DBS  MARGES 


Nous  venons  de  aettre  au  point  re  cement  cette  option.  Elle  permet  pour  une  masse  limitCe  de 
minimiser  le  maximum  des  rapports  contrainte/contrainte  admissible. 


Pour  traiter  ce  cas,  en  s' inspirant  de  la  reference  6, 
taire  reprAsentant  le  rapport  contrainte/contrainte  admissible 
non  lines ire  8 ' ecrit  : 

LL  minimal* 


4  /  OJ  ad  (X) 


on  introduit  un  paramAtre  supplemen- 
maximum.  Le  problAme  d'optimisation 


2  mi  Xi  4  Masse  admissible 


Ce  problAme  est  rapidement  rdsolu  par  steps  d'optimisation  lineaire  avec  des  contraintes 
supplementaires  de  linAaritA  sur  les  X  (voir  planche  6  ). 

7  -  EXE MP LES  D* OPTIMISATIONS 


Nous  presentons  2  exemples  caracteristiques  parmi  les  calculs  que  nous  avons  effectues. 

7. 1  -  Voilure  A  avec  contrainte  d'aAroAlasticitA 

L' idealisation  de  la  structure  A  optimiser  est  reprAsentAe  sur  la  PI.  3  ;  elle  conq>orte 

4269  degree  de  liberte,  sans  compter  ceux  du  fuselage  dont  1' influence  est  introduite  par  la  mAthode 
des  super-elements  (ref.  4) • 

Nous  avons  88  parametres  d'optimisation  (Apaisseur  de  maille  et  section  de  semelles  de  longeron, 
voir  pi.  3  ). 

Nous  avons  198  contraintes  d'optimisation  : 

-  Contraintes  elastiques  sous  2  chargements  (ressource  et  roulis) 

.  contrainte  principale  dans  les  parties  de  revetement  en  traction. 

.  contrainte  normale  dans  les  semelles  de  longerons. 

.  critAre  de  flambage  plastique  dans  les  parties  de  revetement  en  compression. 

-  Reactions aux  attaches  fuselage  limitAes  pour  avoir  des  oeils  identiques  (contrainte  technologique) . 

-  Contraintes  d'aAroAlasticitA. 

.  avancee  de  foyer  limitAe. 

.  pertes  sur  les  efficacitAs  de  braquage  limitAes. 

La  convergence  a  et6  acquise  en  3  iterations. 

Nous  presentons  Involution  de  la  masse  sur  la  PI.  3  ,  le  gain  de  masse  a  AtA  de  41  ltg  sur 
254  kg  de  structure  paramAtrAe  par  demi -voilure,  1  partir  d'un  Achantillonnage  initial  raisonnable. 

Nous  presentons  sur  la  PI.  3  involution  des  contraintes  les  plus  significatives. 

On  trouve  sur  la  PI.  3  involution  des  paramAtres.  On  constate  que  le  programme  a  tendance  A 
transferer  la  masse  vers  l'eoplanture  arriere,  ce  qui  n'est  pas  la  tendance  qu'on  aurait  eu  en  Achantil- 
lonnage  classique  ;  ce  fait  est  essentiellement  du  aux  contraintes  aAroAlastiques  ;  un  relAchement  de 
ces  contraintes  (PI.  3)  conduit  A  un  allAgement  supplAmentaire  de  24  kg  par  demi-voilure. 

7.2  -  Empennage  en  fibres  de  carbone 

Cet  empennage  A  revetement  en  fibres  de  carbone  et  nid  d'abeilles  traversant  est  idAalisA  par 
un  maillage  A  5500  degrAs  de  liberty  (planche  4  )  comportant  des  elements  de  membrane  et  de  plaque 
anisotropesainsi  que  des  elements  tridimens ionnels  isoparamAtriques  anisotropes  pour  le  nid  d'abeilles. 

Le  dessin  de  l'empennage  est  conditionnA  par  2  aspects  : 

-  Tenue  statique,  en  particulier,  eviter  les  surcontraintes  rAsultant  de  l'effet  d'entaille  dans 
la  zone  de  I'emplanture  (94  contraintes  type  critAre  de  rupture  fibre). 

-  Repousser  en  dehors  du  domaine  de  vol  un  flutter  natural  A  cette  formule. 
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On  a  choisi  135  parametres  d'optimisation  represgntant  1 ' epaisseur  de  fibre  dan*  chacune 
des  4  directions  0°,  45° ,  90°  et  -  45°  sur  la  zone  structurale  representee  sur  la  planche  4 

La  solution  optimale  ou  seule  la  contrainte  de  flutter  est  en  butee  a  dte  obtenue  en 
4  analyses,  2  partir  de  l'dchantillonnage  rdeultant  de  1 'optimisation  statique  ;  elle  fait  passer 
2  Mach  0,9  la  vitesse  de  flutter  de  310  m/s  2  360  m/s  ;  cette  performance  est  obtenue  par  un 
renforcement  important  des  couches  2  -  45°  (voir  pi.  4  et  5). 

Remarque  :  le  probleme  d'optimisation  explicite  de  la  premiere  iteration  n'ayant  pas  de  domaine 
faisable,  il  a  etd  necessaire  de  relaxer  la  contrainte  de  Flutter  entre  les  iterations. 

8  -  TEMPS  DE  CALCUL  ET  TAILLES  DE  PROBLEM)  TRAITABLE 

Dans  les  probldmes  que  nous  avons  traites  jusqu'2  present,  le  cottt  est  fait  en  gros  de 
30  %  par  les  analyses,  60  Z  par  les  derivations,  la  part  de  l'optimisation  non  iindaire  dtant  de  l'ordre 
de  10  X  ;  le  cout  global  de  l'optimisation  est  de  8  a  12  fois  celui  d'une  simple  analyse. 

Du  point  de  vue  de  la  taille  du  probleme  elements  finis,  la  limitation  est  celle  de  l'analyse 
(au-del2  de  15000  degres  de  liberte  en  une  sous-structure) . 

La  limitation  la  plus  severe  est  le  nombre  des  parametres  pour  le  module  d'optimisation  dont 
le  cout  croit  entre  la  puissance  3eme  et  4eme  du  nombre  de  parametres,  alors  que  celui  de  la  derivation 
est  quasi  lineaire.  Les  algorithmes  que  nous  utilisons  devront  done  etre  sensiblement  aradliores  pour 
passer  aux  problemes  de  la  classe  des  1000  parametres. 

9  -  DEVELOPPEMENT 

Nous  developpons  notre  outil  d'optimisation  sur  les  voles  suivantes  ; 

-  facility  d'emploi  :  definition  en  conversationnel  avec  controle  par  visualisation  sur  ecran  des 
donnees  de  l'optimisation  (paramdtrage ,  contraintes  et  valeur  admissible  des  contraintes) . 

-  calcul  approche  des  ddrivees  des  contraintes  dlastiques  2  partir  de  la  reduction  modale  qui 
aboutit  2  un  cout  intermediaire  entre  celui  du  F.S.D.  et  de  la  derivation  exacte  actuelle. 

-  integration  de  l'optimisation  du  dessin  local  avec  l'optimisation  generale  ;  en  particulier  pour 
la  definition  des  raidissages  optimaux. 

-  amelioration  de  l'algorithme  d'optimisation  non  lineaire,  pour  faire  face  a  une  augmentation 

du  nombre  de  parametres  et  de  contraintes  ainsi  qu'2  une  plus  grande  non  linearite  des  contraintes t 
pour  faire  face  2  ce  probleme  nous  utilisons  la  propriete  de  "creusite”  du  tableau  des  contraintes 
en  function  des  parametres  (du  2  la  non  dependance  de  chaque  contrainte  de  tous  les  parametres) . 

Sur  le  plan  theorique,  nous  essayons  d'approfondir  les  regies  de  la  convergence  globale  de 
l'algorithme  sans  limitation  sur  1' amplitude  des  variations  de  parametres  dans  les  iterations  exte- 
rieures  ;  cette  convergence  est  liee  au  choix  de  la  formulation  explicite  approchee  des  contraintes. 

10  -  CONCLUSION 

Notre  approche  de  l'optimisation  reprdsente  une  evolution  radicale  par  rapport  aux  methodes 
prdconisees  jusqu'2  ces  demieres  annees,  notanment  sur  les  methodes  de  criteres  d'optimalite  (ref.  8)  ; 
ce  progres  ae  concretise  sur  3  points  fondamentaux  : 

-  possibility  d'introduire  des  contraintes  de  toutes  natures. et  sans  crainte  de  redondances. 

-  conditions  d'optimalite  verifiees  au  point  de  convergence. 

-  temps  de  calcul  acceptablesindustriellement. 

Un  autre  avantage  de  notre  processus  est  sa  simplicity  theorique  apparente  qui  rend  les 
grandes  lignes  de  l'algorithme  compryhensiblespar  des  non  spycialistes . 

Dans  notre  approche,  analyse  et  optimisation  sont  etroitement  imbriquees;  pratiquement 
ellesdoivent  etre  programneespar i la  memc  dquipe  ;  ainsi,  la  derivation  exacte  des  contraintes,  qui 
est  le  point  principal  de  notre  processus,  a  rebutd  nombre  de  nos  prdddeesseurs,  alors  que  si  sa 
programmation  est  integree  2  celle  de  l'analyse,  cette  sdquence  devient  praticable. 

La  methode  a  rencontrd  immediatement  un  vif  succSs  aupres  de  notre  bureau  d'dtudes  ;  elle 
est  appliqude  systematiquement  pour  tous  nos  projets  apr2s  avoir  dtd  inaugurde  sur  le  Mirage  2000  et 
le  Mirage  4000. 

Sans  insister  sur  les  avantages  dvidents  de  1 'echantillonnage  automatique,  il  faut  souligner 
que  la  mdthode  renforce  l'emprise  du  Chef  de  projet,  bien  loin  de  diluer  ^ia  responsabilitd  vers  une 
informatique  lointaine  et  mystdrieuse,  1 'appl (cation  de  la  mdthode  exigeant  une  vision  synthetique 
prdalable  du  probldme  traitd  : 

-  pour  le  choix  des  paramitres  qui  intdgre  en  partie  les  contraintes  de  fabrication. 

-  pour  le  choix  des  contraintes  controlfes. 

-  pour  les  rdgles  de  contrainte  admissible  qui  doivent  8tre  explicitdes  prdalablement. 
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ANNEXE  1 


PRINCIPE  DE  LA  DERIVATION  DES  COEFFICIENTS 
AEROELASTIQUES  STATIQUES 

I  -  RAPPEL  DES  RELATIONS  DE  BASE  DE  L ' AEROELASTIC ITE  STATIQUE  AVEC  ELEMENTS  FINIS 
-  Champ  de  pression  discretise 

Kp  qr  ♦  [dKp/dqsJ  qs 


V 


effet  aerodynamique  rigide  (incidence,  braquage  gouvernes,  etc...) 
deformation  de  la  surface  portante  discretisee  dans  une  base  de  monome. 


-  Equation  de  vol 

Fc.D.6.  .  1/2  (>»’([  Cr)  qr  ,  [Cs]  <|s) 

M..M  torseur  resultant  de  [dKp/dqr]  ,  [iKp/dqs] 

-  Charges  sur  E.F. 

[dF/dqr]  =  [R]  [^Kp/Oqr] 
F.1/2/9V  ["]  Kp  _  .  [n][iKp/i,,] 

[dx/0qr]  -  [k]  1  [iF/iqr] 


(coefficient 

aerodynamiques) 


-  Deformee  E.F. 


X-  W  F 


-[*]*'  [iF/j,,] 


-  Lissage  passage  E.F.  — -»»  <is-[l3x  . 

©  v  -1/2  Py2((Ai]  «ir  +  N  *i»)  "  L  |5X  5<,r] 

-  Elimination  effet  souple 

©  q$  -  1/2  pV*[/l]  qr  ,  [/*-]  -  [d]’1  [Ai]  ,  [d]  -=  [i- 1/2  p  V* [  A*]] 

-  Coefficients  aerodynamiques  souples 

©  [0]-[Cr]  +  l/2  PVl[C»][/i] 

2  -  DERIVATION  PAR  RAPPORT  AUX  PARAMETRES  STRUCTURAUX 

-  Differentiation  de  I  sachant  que  4  ([«]-’ F). -[«]-’  [»«]X 

4  <|»  ■-!/! PV![l][k]''  [4K]([dX/0^r]^r  +  [4X/4qs]qtj  ,t/2gVI[At]  4 (ft 

-  en  eliminant  V  par  2 

M‘  [ah]  ([M/^qr]  +[Ax/Aq>][^])  qr  -  [*/l]  qr 
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-  Differentiation  de  3  j>c]  -1/2  /»V2  [Cl]  [A/t]  — 

[  A  c] = 1/2  p  V  2  [cs]  [d]-1  [l][k]''  [AK][[6X/0qr]  +  J>X/5q*]  [/l]  ] 


-  Pr6f6rable  sous  les  formes 

.  [ AC]- 1/2  pV2([K]_1  ([C«]  [D]  _1  [L])  t)  kt*K]  [  (iX/ftqr)  +  (iX/ Aqs)  [jl]  ] 

qui  demande  la  resolution  de  l'equilibre  sous  un  seul  chargement  par  coefficient 
aerodynamique  a  I  Mach  et  une  press ion  dynamique  donnee. 

•  [ac]=1/2PV2[cs][d]-1  ([K]_l[L]fc)k  tAK][(0X/0qr)  +  (0X/0qs)  [/l]] 

qui  demande  le  rang  de  qg  resolutions (quelques  dizaines),  qui  s'amortissent  pour  tous 
les  Mach  et  pressions  dynamiques. 


ANNEXE  2 

Derivation  de  la  vitesse  de  Flutter  (MSthode  de  J.P.  BREVAN) 


I  -  ANALYSE 


-  On  pose  reso lu  1' equation  de  Flutter  A  un  Mach  donne 

[  K  (A) -cs**  (1  +  l9 )*  M(X)-pV*A  (M)]q 


[K] 

M 

U) 

3 

V 

[A] 

P 

3 


matrice  de  rigidite  reduite 
matrice  de  masse  reduite 
pulsation  de  la  solution 
amortissement  (  0  >D  Flutter) 

vitesse 

matrice  des  forces  aerodynamiques 
solution  droite 
solution  gauche 


-  0 


-  Soit  sous  forme  simplifide 


[  D  (X,  u>,  g  ,V  )]  p  =  0 


©  Pt[D  (X,u>,  9  ,V)]  =0 


avec  J  ■  0  (ou  donne) 

II  -  DIFFERENTIATION 

©  — ^  A([D]<i)  "  [*D]q  +  [d]  Aq 

en  multipliant  par  Pt 

Pt  [ad]  q  ♦  Pt  Aq 
par  ©  Pt  [D]  Aq  -0 

Soit  si  on  fixe  1 'amortissement  0 

©  Pt  [AD  / AX]q  +  Pt  [dD/3w]  q  +  Pt  [5D/0V]  q  -  0 

Equation  complexe  dont  la  resolution  donne  les  deriv€es  de  la  pulsation  de  la  solution  et  de  la 
vitesse  de  Flutter. 


Planche  I 


2 


Planche  2 


ORGANIGRAMME  GENERAL  DE  L' OPTIMISATION 


•  Phase  interactive 
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FLUTTER  APRES  OPTIMISATION 
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EVOLUTION  DE  LA  HAUTEUR 
DU  BORD  TOMBE 


Nbre  ITERATIONS 


EVOLUTION  DE  LA  CONTRAINTE 
EN  BORDURE  DU  TROU 


Nbre  ITERATIONS 
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NEW  COMPUTER  APPLICATIONS  FOR  SPECIAL  STRUCTURAL  PROBLEMS 

by 

Dipl.-Ing.  Jtlrgen  MaBmann 

Industrieanlagen-Betriebsgesellschaft  BbH 
EinsteinstraBe  20,  8012  Ottobrunn,  Germany 


Characteristic  properties  of  both  the  Finite-Element  and  Finite  Difference  method 
are  discussed  concerning  their  efficient  applicability  for  nonlinear  dynamic 
structural  analysis  and  design.  Then  a  mixed  Finite  Element  /  Finite  Difference 
method  is  pointed  out  which  combines  the  advantageous  parts  of  the  respective 
approaches.  Special  features  of  the  code  are  explained  and  their  relevance  is 
demonstrated  in  several  examples  concerning  penetration  and  perforation  problems, 
pressure  distribution  resulting  from  explosions  in  fluids,  blast  loading  and 
shock  wave  propagation.  Further  research  is  indicated  to  complete  the  experimental 
data  and  to  improve  the  codes,  e.g.  concerning  the  pre-  and  post  processing 
capabilities. 

Moreover  the  need  for  more  efficient  hardware  configurations  is  confirmed. 


1 •  Introduction 

In  many  spheres  of  engineering  solutions  of  stress  distributions  are  required,  taking 
into  consideration  elastic-plastic  flow,  large  displacements  and  dynamic  response.  Special 
cases  of  such  problems  may  range  from  two  dimensional  plane  stress  or  strain  distributions, 
axisymmetrical  configurations,  plate  bending  and  shells  to  fully  three  dimensional  high 
velocity  impact  calculations  and  fluid-structure  interaction.  In  many  cases  parametric 
tests  on  structures  or  parts  are  unfeasible  so  that  appropriate  calculation  methods 
have  to  be  applied.  The  Finite-Element  method  (FE-method)  as  well  as  the  Finite-Difference 
method  (FD-method)  rendered  to  Ee  efficient  tools  in  solving  a  wide  range  of  structural 
problems . 

The  subject  of  this  paper  is  first  to  give  a  short  summary  of  the  different  methods  and 
their  efficient  application  and  second  to  show  a  new  approach  which  takes  advantage  of 
the  benefits  of  both  the  FE-  and  the  FD-method.  Special  characteristics  of  the  approach 
are  shown  too.  The  relevance  will  be  demonstrated  in  several  applications.  Finally  the 
necessity  for  further  development  in  this  field  is  indicated. 


2.  Comparison  of  the  Finite-Element  and  Finite-Difference  method 

Most  of  the  present  problems  of  the  analysis  and  design  of  complex  structures  cannot 
be  solved  using  traditional  methods.  However,  the  FE-  and  FD-method  is  appropriate  to 
determine  the  structural  behavior  including  nonlinear  and  dynamic  response.  To  show  the 
differences  between  both  methods,  a  short  description  of  the  essential  parts  of  the  methods 
will  be  given  first. 


2.1  FE-method 

The  Finite-Element  method  is  essentially  based  on  the  following  concept:  The  continuum 
which  should  be  analysed  is  separated  into  a  number  of  "Finite  Elements"  of  almost  arbit¬ 
rary  shape. 

Special  functions  define  the  state  of  strain  within  an  element  in  terms  of  the  nodal 
point  displacements  with  high  accuracy.  These  strains  together  with  any  initial  strains 
and  the  constitutive  properties  of  the  material  will  define  the  state  of  stresses  through¬ 
out  the  element  and  the  nodal  point  forces.  Equilibrium  of  these  nodal  point  forces,  of 
loading  and  -  in  case  of  a  dynamic  response  -  the  forces  of  inertia  and  damping  lead 
together  with  the  compatibility  criteria  to  the  well  known  stiffness  matrix  approach. 

This  assembly  process  is  fundamental  for  the  Finite-Element  method.  Once  the  solution 
of  the  unknown  displacements  has  been  obtained  the  stresses  and  internal  forces  of  each 
element  can  be  computed.  In  case  of  nonlinear  constitutive  relationships  a  solution  can 
be  achieved  using  a  tangential  stiffness  matrix  with  either  the  initial  strain  or  the 
initial  stress  method. 

Large  deformations  are  taken  into  account  by  continuously  updating  the  nodal  point 
co-ordinates  and  thus  by  using  actual  stiffness-relationships;  to  Involve  large  strains 
special  procedures  are  applied.  However,  to  perform  any  kind  of  nonlinear  analysis  the 
piecewise  linear  solution  process  shown  above  has  to  be  done  repeatedly. 
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2.2  FD- method 


As  distinguished  from  the  FE-method  the  basic  idea  of  the  FD-method  is  to  approx¬ 
imate  the  differential  equations  of  the  problem  by  the  corresponding  difference  equations. 
For  all  points  of  the  solution  field  the  'finite'  equations  can  be  defined  in  a  system 
of  uncoupled  algebraic  equations  for  the  unknown  parameters.  Consequently  the  equations 
of  motion  can  be  solved  by  performing  an  explicite  integration. 

The  quality  of  the  results  depends  much  on  the  size  of  the  quadrilateral  zones 
which  represent  the  discretization  scheme  widely  used  in  the  FD-application.  The  finite 
time  steps  are  achieved  by  a  partition  of  the  time  axis  whereby  the  single  time  step  may 
not  exceed  the  upper  bound  governed  by  some  convergence  criteria  to  ensure  stability  of 
the  difference  integration  scheme. 

Since  the  solution  algorithm  embraces  the  uncoupled  equations  of  motion  and  the 
actual  nodal  point  locations  and  forces  the  FD-method  allows  the  adding  of  nonlinear 
effects  during  each  time  step  without  significant  increase  of  computing  time. 

Both  the  FD-  and  FE-method  offer  the  ability  to  handle  the  problem  in  a  Lagrangian 
co-ordinate  system  in  which  the  co-ordinates  move  with  the  material.  In  addition  the 
FD-method  contains  also  an  Eulerian  co-ordinate  system  where  the  material  flows  through 
a  fixed  grid.  This  formulation  is  extremely  useful  for  fluid  flow  problems.  A  further 
feature  is  the  coupling  of  the  Lagrangrian  and  the  Eulerian  co-ordinate  system. 


2.3  Valuation  of  the  FE-  and  FD-formulation 


The  basic  statements  of  both  the  FE-  and  FD-method  show  the  FE-method  to  be  the  more 
flexible  approach  as  to  the  discretization  of  complex  structures.  The  FE-method  does  not 
require  a  sequential  arrangement  of  nodes  and  elements  compared  to  the  FD-method.  In 
addition  the  FE-method  allows  to  use  different  types  of  elements  which  lead  to  high 
accuracy  of  the  stress  and  strain  fields  in  the  structure  depending  on  the  complexity  of 
the  shape  functions.  As  a  consequence  the  accuracy  of  the  FD-method  in  general  will  be 
exceeded  by  a  Finite-Element  approach  using  at  least  a  quadratic  polynomial  formulation 
for  the  shape  function. 

Moreover  the  FE-method  allows  an  unconstraint  consideration  of  arbitrary  structural 
configurations  with  any  boundary  conditions.  In  fact  most  of  the  FD-methods  only  use  a 
constant  approximation  of  the  stress  fields  within  the  zones;  however,  related  to  the 
investigation  of  dynamic  problems  involving  elastic  plastic  flow  with  large  displace¬ 
ments  and  large  strains  the  FD-method  based  on  the  direct  integration  of  the  equations 
of  motion  yields  an  acceptable  solution  at  significant  lower  costs  than  the  FE-formulation 
does.  In  addition  to  this  the  FD-method  includes  the  ability  to  consider  the  effects  of 
shockwave  propagation  and  the  use  of  Lagrangian  and  Eulerian  co-ordinate  systems  and 
their  coupling. 


2 . 4  Application  of  the  FE-  and  FD-method 

As  shown  before,  linear  static  and  dynamic  problems  will  be  solved  efficiently  using 
the  FE-method,  especially  for  the  three  dimensional  analysis  of  structures  this  approach 
proved  to  be  the  most  appropriate  method  due  to  the  accurate  idealization  of  the 
structure's  geometry  and  the  boundary  conditions.  As  a  result  of  its  general  validity 
which  for  instance  are  appropriate  to  solve  stability-,  temperature-  or  fracture  mechanics 
problems.  Concerning  nonlinear  dynamic  problems  however,  a  more  economic  solution  will 
be  achieved  by  the  use  of  the  FD-method.  In  contrast  to  the  FE-method  which  requires  the 
permanent  updating  of  the  stiffness-  and  mass  matrix  and  hence  the  recalculation  of  Eigen¬ 
values  and  Eigenvectors,  the  FD-method  with  its  straight  forward  integration  scheme 
enables  for  instance  the  inclusion  of  nonlinear  material  behavior,  crack  formation,  con¬ 
tact  problems  as  well  as  hydro-mechanical  problems  at  acceptable  costs.  Especially  short 
term  effects  can  be  handled  adequately  with  the  FD-method. 


2 . 5  Mixed  Finite-Element  /  Finite-Difference  formulation 

Accounting  for  all  the  profits  of  both,  the  FE-  and  FD-method  a  mixed  Finite  Element/ 
Finite-Difference  method  has  been  established  which  not  only  makes  use  of  the  higher 
order  Finite-Elements  and  of  the  ability  to  idealize  even  more  complex  structures  but 
also  takes  advantage  of  the  explicite  integration  procedure  of  the  FD-method  in  order 
to  deal  with  any  nonlinearity.  As  the  Lagrangian  co-ordinate  system  is  better  suited  to 
handle  the  plastic  flow  of  materials  and  to  perform  large  deformation  analysis  with  large 
strains,  here  the  Eulerian  formulations  are  mainly  used  to  investigate  fluid  flow  problems. 
The  coupling  of  both  the  Lagrangian  and  the  Eulerian  co-ordinate  systems  allows  the 
efficient  treating  of  fluid/structure  interaction. 

In  this  section  a  review  is  given  concerning  this  mixed  FE/FD-method  and  some  of  its 
special  features.  As  to  the  idealization  of  the  structure  and  the  description  of  its 
boundary  conditions  the  same  procedure  is  used  as  it  is  known  from  the  FE-method.  Then 
the  initial  conditions  of  the  problem  are  established  in  assigning  starting  values  for 
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the  displacements,  velocities  and  the  loading  to  corresponding  element  nodes.  At  these 
nodes  also  the  distributed  mass  is  proportionately  concentrated  (lumped  masses).  This 
information  is  sufficient  to  calculate  in  a  first  step  the  nodal  point's  displacements 
and  velocities;  these. are  used  in  a  further  step  to  obtain  the  corresponding  strains 
and  strain-rates  within  the  elements.  With  the  adopted  model  of  the  material's  behavior 
the  resulting  stress  and  nodal  point  forces  are  computed  within  the  element.  The  nodal 
point  forces  in  conjunction  with  the  corresponding  masses  are  the  information  used  to 
perform  the  integration  scheme.  As  a  result  the  nodal  point  displacements,  velocities 
and  accelerations  of  the  actual  integration  cycle  are  achieved.  These  results  are  supplied 
by  the  actual  boundary  conditions  and  by  possibly  enforced  displacements  in  order  to  get 
the  actual  element  stresses  and  hence  the  element  nodal  forces.  After  adding  an  approp¬ 
riate  time- increment  the  whole  integration-  and  updating  process  is  repeated  until  the 
time  of  interest  has  elapsed.  To  prevent  numerical  instability  during  computation  the 
time-increment  is  controlled.  Depending  on  element's  characteristic  length  d  and  on  the 
material's  sound  speed  c  the  time-increment  At  should  be  less  than  x  •  d/c  whereby  the 
safety  factor  x  ranges  between  0.5  and  0.7.  The  flow  chart  in  Figure  1  shows  the  over¬ 
view  of  the  algorithm  covering  the  Lagrangian  part  of  the  formulation. 

This  consideration  of  the  motion  of  material  points  is  essentially  the  Lagrangian 
formulation;  hereby  the  conservation  of  mass  is  achieved  automatically  and  the  variation 
of  an  element's  volume  is  adjusted  by  the  respective  variation  of  the  material's  density. 
In  contrast  to  this  in  the  Eulerian  formulation,  the  material  flows  through  a  fixed 
co-ordinate  system,  and  due  to  the  fact  that  the  conservation  of  mass  is  not  obvious,  the 
balance  of  momentum  obtains  an  additional  term  concerning  the  mass  transportation. 

After  the  establishment  of  initial  values  of  the  problem,  the  loop  on  the  cycles  is 
opened  starting  the  calculation  of  the  strain  rates,  the  pressures  and  the  appropriate 
time- increment.  The  resulting  deviator  stresses  are  used  to  update  the  momenta  and  the 
energy  of  the  cells.  To  update  the  cell-masses,  momenta  and  energy  due  to  the  effects  of 
transport,  the  volumes  of  material  leaving  the  cells  are  computed.  Finally  if  conservation 
of  energy  is  ensured  the  whole  procedure  can  be  performed  adding  the  corresponding  in¬ 
crements  of  time  until  the  projected  period  of  time  has  elapsed.  The  flow  chart  of  an 
Eulerian  code  is  shown  in  Figure  2. 

Coupling  the  Eulerian-  and  Langrangian  formulations,  the  pressure  of  the  Eulerian 
cells  at  the  interfaces  is  transferred  to  the  Lagrangian  part  and  the  velocities  of  the 
Lagrangian  elements  at  the  interfaces  are  transmitted  to  the  Eulerian  part  of  the  code 
respectively. 

To  make  use  of  the  described  advantages  a  code  has  been  developed  to  handle  the 
dynamics  of  structures  with  multiple  material  behavior  and  arbitrary  shapes  (DYSMAS) . 

This  code  includes  one,  two  and  three  dimensional  FE/FD-formulation  in  both  a  Lagrangian 
and  Eulerian  co-ordinate  system. 


2.6  Special  features  of  the  mixed  FE/FD-method 

Some  special  features  are  mentioned  which  effect  this  approach  to  be  an  efficient 
tool  for  the  analysis  of  dynamic  response  of  structures,  fluid  problems  and  fluid-structure 
interaction. 


2.6.1  Material  behavior 


Preliminary  to  a  plastic  flow  problem  is  the  adoption  of  a  reasonable  yield  criterion. 
Figure  3  shows  the  linear  and  parabolic  Mohr-Coulomb  yield  criterion  which  for  example 
can  be  used  to  model  rock  behavior.  For  structures  made  of  steel  and  aluminium  alloy  the 
well-known  von  Mises  yield  criterion  has  proved  to  be  a  good  approximation.  Figure  4  con¬ 
tains  a  comparison  between  the  test  results  and  calculated  values  using  the  von  Mises 
criterion.  The  flow  rule  defines  the  plastic  strain  increment  in  relation  to  the  yield 
surface.  For  steel  and  aluminium  alloy  the  flow  rule  according  to  Prandtl-Reusz  (assoc¬ 
iated  flow  rule)  gives  beBt  results  as  compared  to  the  test  data  whereas  the  non-assoc- 
iated  flow  rule  according  to  Henckey  supplies  an  approximation  of  the  plastic  flow  with 
significantly  lower  computing  time.  These  rules  are  applied  to  ideal  elastic-plastic 
materials.  To  realize  arbitrary  stress-strain  relationships  the  so-called  sublayer  model 
or  Mrosz  plasticity  is  used  which  results  from  a  special  superimposition  of  several  ideal 
elastic-plastic  stress-Btrain  curves.  Figure  5  shows  schematicly  the  principle  of  the 
Sublayer  Model.  To  demonstrate  the  accuracy  of  the  Sublayer  Model  Figure  6  shows  the 
calculated  stresses  and  strains  for  loading  and  unloading  conditions. 

This  example  illustrates  the  ability  of  the  Sublayer  Model  to  describe  the  hyster¬ 
esis  effects  in  the  material  (Bauschinger  effect)  and  to  perform  a  closed  loop  for  cyclic 
loading.  Furthermore  experiments  and  calculation  have  been  performed  in  parallel  to 
check  the  accuracy  of  this  model.  In  Figure  7  is  shown  a  half  of  a  notched  specimen  which 
is  loaded  with  a  bending  moment  and  in  Figure  8  the  measured  and  calculated  strains  are 
compared.  As  a  result,  the  Sublayer  Model  provides  an  accurate  description  of  the 
elastic-plastic  strain  field. 
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2.6.2  Cracking 

In  most  Lagrangian  FBrcodes  failure  within  a  cell  is  handled  by  modifying  the  stress 
tensor,  e.g.,  if  the  presnure  is  negative  all  stress  components  are  set  to  2ero  and  for 
positive  pressure  only  the  deviatoric  stress  components  are  set  to  zero.  The  mesh  will 
not  be  changed.  Therefore  the  idealization  of  cracks  in  the  structure  is  not  taken  into 
consideration  properly.  However,  the  modification  of  the  mesh  is  essential  for  some  cal¬ 
culations,  e.g.  for  the  penetration  process. 

This  is  the  reason  why  a  cracking  procedure  has  been  adopted  to  modify  also  the 
idealization  of  the  structure.  If  a  user-defined  failure  criterion  is  exceeded  in  am 
element  this  element  will  be  separated  from  the  surrounding  elements  by  defining  new 
nodal  points  and  their  physical  properties,  initial  conditions  etc.  Figure  9  shows  a 
flow  chart  of  the  principle  process.  It  is  possible  with  this  procedure  to  start  with 
one  structure  consisting  of  n-FE-eloments  and  stop  the  calculation  having  n  structures 
with  one  FE-element  in  an  extreme  case. 

To  demonstrate  this  feature  a  test  case  is  shown  in  Figure  10.  The  crack  direction  was 
found  by  the  code  itself. 

To  take  into  account  closing  of  the  crack  properly  the  contact  problem  has  to  be 
solved  by  using  masterplanes ,  -lines  and  slave  points.  Some  details  are  described  in  the 
following  (see  also  Figure  9). 

2.6.3  Contact  problem 

The  contact  problem  occurs,  when  two  or  more  structures  or  parts  of  a  structure  come 
into  contact  at  predefined  surfaces,  e.g.  in  the  case  of  impact  or  crack  closing. 

Following  the  contact  of  surfaces  three  main  parts  have  to  be  performed  after  each  time 
step.  First,  coordinates  of  overlapping  parts  of  the  structure  have  to  be  modified  to  ful¬ 
fill  the  geometric  conditions  of  contact.  Second,  the  velocities  of  the  points  in  contact 
must  be  corrected  due  to  the  conservation  of  momentum  with  respect  to  the  direction  of 
impact  and  third,  the  contact  forces  caused  by  impact  and  friction  have  to  be  generated. 
The  definition  of  the  contact  surfaces  has  been  done  by  the  use  of  so-called  masterplanes, 
-lines  and  slave  points  with  the  condition  that  slave  points  are  not  allowed  to  penetrate 
a  masterplane  or  -line. 

This  procedure  becomes  complicated  if  there  are  more  than  two  structures  in  contact 
which  especially  occurs  when  the  cracking  option  is  applied.  Figure  11  shows  an  example 
of  a  structure  with  4  opened  cracks  and  in  addition,  the  new  position  of  the  nodal  points 
before  the  contact  processor  is  used.  The  above  described  rule  -  which  stops  the  movement 
of  the  slave  points  at  the  masterplane  -  does  not  define  a  definite  solution.  It  is 
necessary  to  take  into  account  some  additional  considerations  to  solve  this  problem,  e.g. 
to  stop  the  movement  of  a  masterplane  or  -line  if  a  slave  point  will  be  overrun. 

Figure  12  shows  a  precracked  structure  under  compression  after  certain  time  steps.  It  is 
shown  that  the  applied  procedure  is  able  to  handle  the  multiple  contact  problem. 


2.6.4  Automatic  subcycllng 

In  general  fully  three  dimensional  calculation  as  is  required  for  instance  to  process 
striking  and  penetration  problems  is  time  consuming  and  hence  expensive.  This  fact  has 
induced  the  implementation  of  procedures  checking  special  parameters  for  their  exceedance 
of  user-defined  bounds,  if  there  is  not  significant  change  in  the  resulting  physical 
properties  of  an  element,  then  this  element  will  be  skipped  for  further  considerations 
within  the  respective  cycle.  This  procedure  results  in  a  considerable  reduction  of 
computing-time . 


2.6.5  Switch  from  simple  to  complex  element  types 

The  reduction  of  computing  time  requires  the  application  of  complex  types  of  elements 
with  higher  order  functions  for  the  strains  and  stresses  only  in  those  structural  regions 
where  it  is  necessary.  A  practical  solution  for  this  problem  is  obtained  by  a  procedure 
which  automatically  changes  a  simple  element  type  into  a  more  sophisticated  one  if  a 
special  criterion  is  satisfied,  e.g.  if  the  bending  strain  in  a  constant  strain  element 
exceeds  a  defined  level. 


2.6.6  Solution  of  static  problems 

If  special  damping  coefficients  are  established  the  mixed  FE/FD-method  is  also 
applicable  for  the  solution  of  statical  problems .  In  this  case  the  solution  scheme  is 
similar  to  the  'dynamic  relaxation'  approach.  Optimal  damping  results  in  a  fast  conver¬ 
gence  to  the  state  of  equilibrium.  This  procedure  can  be  applied  efficiently  for  highly 
nonlinear  problems,  e.g.  large  deformation,  contact,  friction  and  nearly  incompressible 
material  behavior. 
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3.  Special  applications  of  the  FE/FD-codes 

To  show  the  relevance  of  the  methods  described  above  and  to  illustrate  their 
applicability  some  special  structural  problems  are  discussed. 


3.1  Penetration  and  perforation  problems 

The  description  of  the  penetration  and  perforation  process  of  a  projectile  through 
a  target  is  a  relevant  question  in  the  field  of  the  design  of  armour  and  projectiles. 

The  needed  result  is  the  ballistic  limit  velocity  for  different  impact  angles  which 
requires  a  fully  three  dimensional  analysis.  Figure  13  shows  a  cylindrical  fragment 
striking  a  thin  plate  (only  a  quarter  of  the  total  structure  is  idealized).  The  deformation 
of  the  fragment  can  be  seen.  In  this  case  the  residual  velocity  is  zero  which  agrees  with 
test  results  very  well.  In  Figure  14  a  long  rod  projectile  penetrates  a  plate.  The  pre¬ 
sented  view  indicates  the  formation  of  a  plug.  Further  applications  of  the  FE/FD-method 
have  been  performed  to  investigate  the  structural  behavior  of  warheads. 


3.2  Pressure  distribution  resulting  from  an  explosion  in  a  fluid 

The  FE/FD-method  (Euler ian  formulation)  allows  the  calculation  of  pressure  distrib¬ 
utions  as  a  function  of  time  caused  by  a  detonation  in  a  fluid.  As  an  example  some  results 
of  an  underwater  explosion  are  shown.  In  Figure  15  the  idealization  of  the  problem  iB  demon¬ 
strated.  Figure  16  reveals  the  size  of  the  gas  bubble  and  deformed  shape  of  the  water  sur¬ 
face.  Figure  17  presents  contours  of  equal  pressure. 

As  a  further  example  calculated  and  measured  results  of  an  explosion  in  a  test  tube 
will  be  compared.  Figure  18  contains  the  geometry  of  the  test  case.  Figures  19  and  20  show 
the  measured  and  calculated  pressure  as  a  function  of  time.  Not  only  the  maximum  pressure 
(see  Tab.  1)  but  also  the  subsequent  peaks  are  in  good  agreement. 


3.3  Blast  loading 

A  critical  loading  of  a  structure  can  be  the  blast  loading  induced  by  a  detonation 
of  explosives .  To  analyse  the  response  of  the  structure  analytical  solutions,  FE-,  FD- 
and  FE/FD-methods  can  be  applied.  Figure  21  points  out  the  results  of  these  different 
methods.  The  comparison  shows  a  good  agreement  of  the  results  of  the  respective  methodB. 
The  deformation  of  the  structure  as  function  of  time  is  illustrated  in  Figure  22.  The 
formation  of  different  shapes  of  the  deformed  structure  can  be  seen.  This  effect  is 
demonstrated  best  by  the  FE-  and  FE/FD-methods.  However,  the  calculation  time  differs 
significantly.  In  this  case  including  large  deformations,  nonlinear  material  behavior 
and  dynamic  response  the  FE/FD-method  requires  by  a  factor  of  50  less  computing  time 
than  the  FE -method  does.  This  example  shows  the  advantages  of  the  explicit  integration 
procedure  of  the  FE/FD-method. 

For  another  example  of  a  blast  loaded  structure  the  boundary  conditions  and  the 
loading  are  shown  in  Figures  23  and  24 .  For  this  shell  structure  special  consideration 
is  given  to  the  following  nonlinearities 

large  displacements  and  strains 

-  nonlinear  material  behavior 

-  different  boundary  conditions  along  the  edges 

instabilities  like  snap  buckling  of  the  dynamically  loaded  shell. 

Figures  25,  26  and  27  show  at  different  times  the  deformation  which  finally  results  in 
the  buckling  of  the  shell.  This  behavior  is  in  good  agreement  with  test  results. 


3.4  Shockwave  propagation  in  a  structure 

The  shock  induced  loading  of  some  components  can  be  the  most  critical  strength  con¬ 
cerning  the  functionality.  Therefore  field  tests  and  calculations  of  the  highly  dynamic 
loaded  structure  have  been  performed  to  obtain  the  occurring  accelerations  as  a  function 
of  time  or  shock  spectra  respectively  to  determine  the  most  important  design  parameters. 
Figure  28  showB  a  comparison  between  measured  and  calculated  results  for  different 
design  parameters.  Due  to  the  good  agreement  the  investigated  structure  has  been  optimized 
using  the  calculation  method.  Only  a  few  field  tests  have  been  performed  to  check  the 
recommended  solution. 
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Conclusion 

The  discussion  of  the  current  FE-  and  FD-methods  for  structural  analysis  and  design 
proved  the  nixed  FE/FD- formulation  to  be  highly  qualified  to  perform  nonlinear  dynamic 
structural  response.  This  is  not  only  due  to  the  comprehensive  abilities  concerning  the 
handling  of  most  different  structural  problems  but  also  to  the  fact  that  it's  solution 
algorithm  yields  the  structural  response  consuming  less  computer  time  than  the  FE-method 
but  keeping  the  accuracy  of  the  solution. 

Concerning  the  idealization  of  complex  structural  configurations,  the  FE/FD-method  turned 
out  to  be  the  more  flexible  approach  compared  to  the  FD-method.  This  valuation  is  con¬ 
firmed  with  regard  to  the  realization  of  advanced  features  and  their  implementation  into 
the  code.  These  improvements  of  the  FE/FD-code  should  be  referred  to  an  extension  and 
completion  of  the  physical  models.  Moreover  advanced  cavitation  models  should  be  implemented 
to  improve  the  description  of  the  fluid  structure  interaction.  Further  refinement  should 
be  applied  to  the  failure  models  in  order  to  improve  the  prediction  of  crack  occurrence  and 
direction.  To  reduce  the  processing  time  an  advanced  subcycling  as  well  as  an  appropriate 
coupling  of  one  and  two  dimensional  or  two  and  three  dimensional  formulations  may  contrib¬ 
ute.  In  addition  the  coupled  application  of  analytical  methods  is  supposed  to  reduce  the 
computing  time  considerably. 

Furthermore  pre-  and  postprocessors  should  be  refined  in  order  to  reduce  the  costs 
for  the  idealization  of  the  structure  and  the  interpretation  of  the  results.  Faster  com¬ 
puters  allow  a  more  detailed  investigation  of  these  problems  within  a  reasonable  computing 
time.  Also  an  enlarged  memory  should  be  applied  to  handle  most  of  the  problems  in  core. 

In  addition  parallel  processing  may  reduce  the  computation  time  significantly.  However,  the 
compiler  should  support  the  program  or  the  organization  of  the  program  itself  has  to  be 
adjusted. 

Condition  to  improve  the  calculation  method  and  to  verify  the  results  data  from  para¬ 
metric  tests  are  necessary.  These  data  can  be  used  to  find  out  more  sophisticated 
physical  formulations  and  validate  the  calculation  results  in  detail. 
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cylindrical  fragment  striking  a  thin  plate  Fig.  1 4  A  long  rod  projectile  penetrates 


Fig.  2  2  De  formation  of  a  plate 
Finite  element  finite  difference  method 
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SUMMARY 

High  bypass-  ratio  engines  offer  a  variety  of  significant  design  options  towards 
achieving  an  optimum  combination  of  engine  and  airframe  for  specific  applications.  These 
design  options  are  mainly  bypass-ratio,  length  of  fan-cowl,  use  of  mixing  or  non-mixing 
nozzles,  acr essory  arrangement  and  noise  suppression  methods.  All  these  features  influence 
the  size  of  the  engine  nacelle  and  therefore  also  weight  and  drag,  which  finally  deter¬ 
mine  the  economics  of  the  aircraft  under  consideration.  Computer-aided  methods  for  the 
design  anc  performance  evaluation  of  such  engine  nacelles  taking  into  account  the  different 
variation;  possible  and  also  constraints  provide  a  very  useful  tool  in  determining  the 
best  nacelle  design  for  a  given  application.  Effective  use  of  such  computerized  methods 
require  reliable  prediction  of  nacelle  drag  and  realistic  bookkeeping  techniques  for  the 
installed  lacelle  compatible  with  wind  tunnel  and  engine  manufacturers  data. 
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-  inlet  length,  afterbody  length 

-  Lcng  Duct  Nacelle 

-  freestream  Mach  number 

-  critical  Mach  number  fear  sonic  velocity 
at  inlet  external  contour 

-  total  temperature  at  engine/inlet 
connection  plane 

-  radial  coordinate 

-  Sheet  Duct  Naoelle 

-  gross  thrust 

-  total  temperature  at  engine/inlet 
connection  plane 

-  mean  velocity  in  inlet  capture  area 

-  freestream  velocity 

-  engine  mass  flow 

-  W  VTt2/Pt2  engine  flow  parameter 

-  axial  coordinate 

-  angle  of  attack 

-  boattail  angle 

-  x/lR  (1R  =  length  of  paraboloid) 


1 .  INTRODUCTION 

Fuel-efficient  high  bypass-ratio  engines  constitute  the  state  of  the  art  of  today's 
powerplants  for  modern  subsonic  transport  aircraft.  Figs.  1  and  2  show  typical  powerplant 
variants  for  a  twin-engined  wide-body  transport.  The  nacelles  are  characterized  by  the 
relatively  large  dimensions  with  different  types  of  primary  nozzle  shapes.  A  comparison 
of  dimensions  between  the  previous  generation  of  low  bypass-ratio  engines  and  present-day 
engines  with  bypass-ratios  of  4  to  6  is  shown  in  Fig.  3. 

The  purpose  of  this  paper  is  to  identify  the  main  factors  which  determine  the  basic 
dimensions  of  the  engines  for  today' s  and  future  transport  aircraft  and  to  demonstrate 
how  the  computer  can  be  used  in  the  design  and  evaluation  of  the  nacelle.  Trends  in 
propulsion  system  development  and  methods  of  calculation  suitable  for  computerized  work 
with  nacelles  will  be  discussed. 

Typical  trends  of  specific  fuel  consumption  and  engine  dimensions  with  increasing  bypass- 
ratio  is  shown  in  Fig.  4.  It  can  be  seen  that  going  from  bypass-ratio  1  to  8  reduces 
cruise  fuel  consumption  by  the  order  of  30  %  but  also  doubles  the  external  dimensions  of 
the  engine,  mainly  due  io  the  large  fan. 

Further  improvements  in  turbofan  engine  technology,  especially  in  the  face  of  rapidly  in¬ 
creasing  fuel  pices  and  more  stringent  emission  requirements  will  be  towards  even  higher 
bypass-ratios,  e.g.  NASA  QCEE  (Quiet  Clean  Efficient  Engine)  programme  with  bypass-ratio 
of  10  i  1.  Fig.  5  shows  a  comparison  of  today's  typical  turbofan  with  bypass-ratio  5  :  1 
and  a  future  engine  of  the  QCEE  type.  Thus  even  larger  engine  dimensions  than  today  are 
to  be  expected. 

Since  the  final  form  of  installation  of  these  engines  is  with  a  nacelle  attached  to  the 
aircraft  (mainly  the  wing)  in  a  given  position  by  means  of  a  pylon,  the  installed  per¬ 
formance  of  the  propulsion  system  will  be  determined  by  the  design  of  the  nacelle  and  the 
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resulting  interaction  with  the  airframe.  It  is  thus  obvious  that 

-  careful  design  of  the  isolated  nacelle  and 

-  correct  integration  with  the  airframe 
are  required  to  achive  maximum  overall  benefits  with  respect  to 

performance 
operating  cost 
life-cycle  cost. 

The  modern  digital  computer  is  a  very  useful  tool  in  different  stages  of  nacelle  develop¬ 
ment  and  performance  evaluation,  because  it  can  handle  the  large  number  of  parameters 
involved  -  even  in  the  design  of  the  isolated  nacelle  -  very  efficiently.  A  step-by-step 
method  of  nacelle  synthesis  starting  from  the  bare  engine  and  a  method  of  optimization 
for  overall  performance  evaluation  in  preliminary  desiqn  work  will  be  shown.  The  main 
object  will  be  the  isolated  nacelle. 


Integration  with  the  airframe  requires  taking  account  of  local  flow  fields  induced  by  the 
presence  of  the  airframe  (e.g.  wing  in  high-speed  flight  or  at  high  angles  of  attack). 

There  is  no  simple  solution  for  this  complex  flow  problem,  except  the  use  of  generalized 
empirical  data  from  wind-tunnel  tests  or  the  application  of  extensive  advanced  computational 
methods  for  detailed  analysis  of  specific  problems. 


2.  DEFINITION  OF  THE  PROBLEM 

The  problem  of  nacelle  design  consists  mainly  of  2  tasks: 

1)  Design  and  performance  evaluation  of  the  isolated  nacelle, 
either  for  a  given  engine  or  together  with  an  engine  cycle 
variation  for  an  optimum  combination  of  engine  and  nacelle. 

2)  Integration  of  the  nacelle  with  the  airframe 
(wing  mounted,  fuselage-mounted) . 

These  different  steps  are  explained  in  schematic  form  in  Fig.  6. 

Correct  synthesis  of  the  isolated  nacelle  is  the  initial  step  in  nacelle  development  and 
has  to  take  account  of  a  larger  number  of  requirements  with  respect  to  the  internal  and 
external  flow.  It  defines  the  baseline  for  further  work  especially  with  respect  to  the 
integration  with  the  airframe  and  for  trade-offs  concerning  weight  and  cost. 

The  flow  problem  to  be  handled  is  shown  in  Fig.  7.  This  consists  of  high  subsonic  Mach 
number  flow  conditions  and  even  supersonic  flow  in  the  nozzles  at  cruise  Mach  numbers 
of  0,78  to  0,82. 


3.  SYNTHESIS  PROGRAMME  FOR  NACELLE  DESIGN 
3.1  Description  of  the  Programme 

The  starting  point  of  a  Synthesis  Programme  is  the  bare  engine  in  its  basic  dimensions 
as  defined  by  the  engine  manufacturer  during  testbed  development.  For  development  of  the 
engine,  a  simplified  ideal  inlet  (normally  a  Bellmouth-Type  for  good  flow  measurement) 
and  some  sort  of  a  calibrated  exit  nozzle  system  are  used,  which  with  exception  of  the 
primary  nozzle  in  many  cases  do  not  correspond  to  the  final  geometry  of  nacelle  in  the 
aircraft.  In  Fig.  8  the  position  of  engine  mountings  and  the  gear-box  for  the  accessories 
(pumps,  etc.)  should  also  be  noted.  Positioning  of  the  gear-box  either  on  the  fan-casing 
or  directly  to  the  core  engine  has  a  significant  influence  on  the  nacelle  design. 


The  main  elements  of  nacelle  synthesis  are  shown  in  Fig.  9.  This  component  breakdown  forms 
the  working  structure  in  the  application  of  computers  for  the  design  and  performance 
evaluation  of  nacelles  for  high  bypass-ratio  engines. 

A  Computer  Programme  for  Nacelle  Synthesis  has  been  developed  [8]  which  consists  of  a 
Main  Executive  Programme  using  programme  modules  based  on  the  component  breakdown  as 
shown  in  Fig.  9.  The  most  important  programme  modules  are: 

-  Geometrical  Requirements 
Inlet  Defintion 

-  Nozzle  and  Afterbody  Definition 

-  Flow  Calculation. 

The  programme  can  be  run  on  CDC  6600  and  IBM  360  computers. 


3.2  Geometrical  Requirements 

Apart  from  the  fixed  dimensions  of  the  bare  engine  as  already  described  the  length  of 
the  fan  duct  relative  to, the  overall  nacelle  length  is  a  major  parameter  influencing  the 
design  of  a  high  bypass- ratio  engine  nacelle. 

Two  extreme  solutions  are  possible 

-  Long  Duct  Nacelle  (LDN)  and 

-  Short  Duct  Nacelle  (SDN) 


as  shown  in  Fig.  10.  It  is  evident  that  intermediate  duct  lengths  may  in  some  cases  pre¬ 
sent  an  overall  optimum  solution. 


Minimum  length  for  the  Short  Duct  Nacelle  (SND)  is  determined  by  the  following  internal 
and  external  flow  requirements: 

-  distribution  of  cross-sectional  area  in  fan  duct 
duct  curvature 

-  engine  front  mounts  and  pylon 

volumetric  requirements  of  gas-generator  and  its 
surrounding  systems.  This  determines  the  inner 
diameter  of  the  fan  nozzle, 
blockages  in  fan  exit 

required  internal  area  for  noise  absorbing  linings 
integration  with  the  inlet  geometry  with  respect  to 

a)  Fan  Cowl  afterbody  design 

b)  Transition  length  between  inlet  and  fan-cowl 
afterbody.  In  the  simplest  case  is  a  cylindrical  piece. 

c)  Provision  of  potential  increase  in  fan  area 
for  further  development. 

Design  requirements  taking  into  account  the  influence  of  cross-flow  around  the  fan  cowl 
at  high  angles  of  attack  and  the  integration  with  the  wing  present  a  complex  flow  problem 
which  is  not  handled  in  this  synthesis  programme.  One  exception  here  is  the  possiblity  of 
defining  inlet  droop  based  on  local  upflow  conditions  at  the  inlet. 


3.3  Inlet  Design 

The  inlet  is  defined  as  shown  in  Fig.  11  and  determines  the  cross-sectional  area  of 
the  nacelle  to  a  large  extent.  Requirements  for  good  inlet  design  are: 

low  internal  pressure  loss  at  take-off,  climb 
and  cruise  conditions. 

-  minimum  spillage  drag  at  cruise. 

The  synthesis  programme  thus  divides  the  inlet  design  into  an  internal  and  external  flow 
problem.  The  internal  flow  problem  determines 

-  lip  thickness  and  throat  area 
diffusor  design  up  to  the  engine/inlet 
connection  flange. 


Throat  Mach  number  is  an  important  parameter  here  and  can  be  computed  from  the  engine  flow 
parameter  WAT,  where 


WAT 


(flight  conditions,  power  setting) 


W  =  mass  flow 

Tt^  =  total  temperature  at  the  engine  entry  plane 
Pt^  =  total  pressure  at  the  engine  entry  plane. 

The  data  base  for  the  generalized  experimental  data  consists  of  curves  for  total-pressure 
loss  for  different  lip-thicknesses  and  throat  Mach  numbers  Mth  at  a  given  freestream 
Mach  number  MM  as  shown  in  Fig.  12. 


Date  is  available  for 


lip- thickness 

VAth 

= 

1,0  -  1,33 

Mth 

= 

0,3  -  1,0 

M<» 

o 

1 

o 

where 

A 

c 

= 

inlet  capture  area 

Ath 

= 

throat  area 

Mth 

= 

throat  Mach  number 

Moo 

= 

freestream  Mach  number 

The  result  of  the  internal  flow  computation  is  to  define  the  shape  of  the  inlet  from  the 
capture  area  Ac  up  to  the  engine/inlet  connection  at  the  engine  front  flange. 

Typical  requirements  are 

a)  Total  pressure  loss  at  take-off  ^0,3  % 

b)  Maximum  Throat  Mach  number  ^0,75 

From  the  capture  area  A  and  the  mass-flow  parameter  WAT  the  external  flow  problem  can  be 
solved  for  given  flightccondtions.  The  main  requirement  is  to  avoid  spillage  drag  at 
specified  points.  Spillage  drag  arises  due  to  flow  separation  on  the  external  inlet 
contour  and  is  a  function  of  mass-flow  ratio  freestream  Mach  number  Hw  and  inlet 

shape.  Spillage  drag  normally  occurs  at  AM  /Ac  «t1,0  when  the  engine  demands  less  mass 
flow  than  the  inlet  would  ideally  deliver.  Fig.  13  shows  an  example  of  spillage  drag. 
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The  synthesis  programme  uses  an  enpirical  approach  based  on  the  NACA-1  family  of  high¬ 
speed  inlet  contours  [4]  ,  [7]  .  The  relationship  between  freestream  Mach  number  for 
spillage-drag  rise,  inlet  dimensions  and  mass-flow  ratio  is  shown  in  Fig.  14.  The  drag- 
rise  Mach  number  ip  this  diagramme  is  defined  by  the  occurance  of  sonic  velocity  at  the 
inlet  surface.  Inlets  designed  by  this  method  generally  show  a  reasonable  margin  up  to 
actual  drag  rise.  Drag  rise  can  occur  either  by  an  increase  in  freestream  Mach  number  or 
a  reduction  of  inlet  mass  flow.  Other  classes  of  inlets  can  also  be  used. 

The  results  of  the  external  flow  programme  are 

-  external  inlet  length 

-  maximum  inlet  diameter,  which  is  equal  to  the  first 
estimation  of  maximum  fan-cowl  diameter 

-  external  shape 

-  flow  parameters  (mass-flow  ratio,  pressure  recovery) . 

For  nacelles  with  gear-boxes  on  the  fan-casing  (see  Fig.  10)  an  increase  in  external 
inlet  contour  with  a  resulting  enlargening  of  the  local  maximum  diameter  in  the  section 
of  the  gear-box  may  be  necessary.  This  leads  to  a  "bump",  which  is  normally  in  the  lower 
section  of  the  fan-cowl. 

Inlet  droop  and  inclinination  of  inlet  front  plane  can  be  accomodated  in  the  computer 
programme . 


3.4  Nozzle  and  Afterbody  Definition 

The  definition  of  the  nozzles  and  their  surrounding  afterbodies  for  the  fan  and  gas 
generator  are  required  for  the  final  design  of  the  complete  nacelle. 

The  first  step  is  to  complete  the  fan  cowl  by  integrating  the  fan  nozzle  into  the  inlet 
geometry.  Here  the  requirements  of  good  fan-cowl  afterbody  shaping  must  be  taken  into 
account.  These  are  mainly 

-  boattail  angle  (max.  12°) 

-  even  distribution  of  curvature  along  the  cowl. 

The  fan  nozzle  can  be  either  convergent  or  convergent/divergent. 

The  next  step  ist  to  handle  the  gas  generator  problem  by  defining  the  primary  nozzle, 
which  is  mainly  a  simple  convergent- type  of  nozzle  with  or  without  a  centre-body.  The 
computer  programme  can  take  care  of  both  cases.  The  gas  generator  afterbody  or  core  cowl 
must  be  of  a  low  drag  design  (boattail  and  friction  drag)  and  can  be  designed  to  fulfil 
the  following  alternative  requirements  for  a  given  contour  (circular  arc,  parabola): 

-  boattail  angle  fixed 

-  core  cowl  length  fixed. 

Regarding  the  core  cowl  as  a  section  of  a  rotational  paraboloid  the  basic  relationships 
for  boattail  angle,  length  and  surface  can  be  solved  by  a  set  of  simple  equations  as 
shown  in  Fig.  15.  Other  forms  of  core  cowl  surface  currature,  i.e.  even  straight  line, 
are  also  possible.  The  shape  of  the  centre-body  is  normally  taken  as  a  cone,  with  a  given 
taper-radius. 


3.5  Demonstration  of  Results 

Results  of  the  Synthesis  Programme  for  the  design  of  a  short  duct  type  of  nacelle 
with  a  bare  engine  as  defined  in  Fig.  16  and  with  the  following  variations  are  shown  in 
Figs.  17  to  19: 

-  axisymmetrical  nacelle 

-  nacelle  with  inlet  droop  of  4° 
nacelle  with  asymmetric  core  cowl. 


3.6  Flow  Calculation 

Following  the  geometric  definition  of  the  nacelle  by  means  of  the  synthesis  programme 
defined  above  a  check  of  flow  conditions  can  be  done  by  applying  the  Method  of  Streamtube 
Curvature  (STC)  for  the  calculation  of  internal  and  external  pressures.  This  method 
assumes  axisymmetric  flow  and  is  described  in  [3]  .  It  has  been  developed  to  handle  flow 
problems  associated  with  engine  nacelles.  A  typical  result  is  shown  in  Fig.  20. 


4 .  PERFORMANCE  EVALUATION 
4.1  Performance  Requirements 

The  internal  losses  in  the  inlet  and  nozzles  and  the  external  drag  of  isolated  naoelles 
can  amount  to  about  7  -  10  %  of  equivalent  thrust  loss  of  the  installed  engine  for  a 
given  fuel  consumption.  This  alternatively  leads  to  an  increase  in  fuel  consumption  of  the 
same  order  for  a  constant  thrust  of  the  engine.  The  above  figure  assumes  no  spillage  drag, 
i.e.  the  inlet  operating  at  optimum  conditions.  Changes  in  operating  conditions  can  easily 
lead  to  a  rise  in  spillage  drag  which  due  to  the  very  large  size  of  the  inlets  for  the 
nacelle  of  high  bypass-ratio  engines  can  mean  an  appreciable  increase  in  overall  drag. 
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In  addition  to  the  drag  of  the  isolated  nacelle,  drag  of  the  pylon  and  interference  drag 
due  to  the  presence  of  the  nacelle  near  the  wing  must  be  taken  into  account.  Depending 
on  the  configuration  of  nacelle,  wing  and  pylon  the  interference  drag  can  even  be 
favourable. 

Performance  evaluation  of  nacelles  plays  an  important  role  in  aircraft  design  work,  both 
in  the  development  of  new  configurations  and  in  the  case  of  nacelle  comparisons  when  e.g. 
reengineing  an  existing  aircraft.  This  requires  a  method  of  calculating  all  internal  and 
external  losses  due  to  the  nacelle  using  a  suitable  bookkeeping  of  individual  items. 


4.2  Nacelle  Drag  and  Internal  Losses 


After  definition  of  the  nacelle  geometry  the  performance  loss  due  to  the  isolated  nacelle 
(i.e.  without  influence  of  wing  or  pylon)  for  a  given  flight  Mach  number  and  given  con¬ 
ditions  of  inlet  and  nozzle  flow  can  be  calculated.  This  is  a  first  estimation  of  the 
performance  penalty  due  to  the  engine  installation. 


Experience  shows  that  careful  bookkeeping  of  thrust  and  drag  is  necessary  in  order  to 
take  account  of  different  definitions  of  inflight  thrust  by  the  leading  engine  manufacturers. 
The  following  cases  are  possible: 

1)  Ideal  nozzles  (thrust  coefficient  =  1,0) 
and  no  core  cowl  drag 

2)  Real  nozzles  and  core  cowl  drag  assuming 

-  isolated  nacelle 

-  no  freestream  flow! 

-  nozzle  pressure  ratios  corresponding  to  a 
given  flight  condtion. 

Result  of  a  simple  static  force  measurement  with 
a  blowing  nozzle  system. 

3)  Real  installation  with  influence  of  the  airframe, 
i.e.  pylon  (can  be  cambered)  and  wing. 

Without  a  bookkeeping  system  for  accounting  all  the  possible  internal  and  external  losses 
due  to  the  nacelle  the  drag  estimation  of  a  given  engine/nacelle  combination  or  the  drag 
comparison  of  different  engine  installations  can  be  misleading.  The  following  definitions 
based  on  Thrust  minus  Drag  of  the  nacelle/engine  combination  are  recommended. 


(Thrust-Drag)  of  the  isolated  nacelle  is  defined  as 


(T-D)  =  F  -  AF  -  AF„ 

id  "intake  "nozzles 

D.  -  D-  -  D. 
rF  c  rPlug 

"  dspill  “  dpfr  -  dpc* 

' - Y - - ' 

V - v - ' 

friction 

pressure 

Individual  terms  are  explained  in  Fig.  21  and  below. 


F„  =  ideal  nett-thrust  of  the  engine 

id 

A  F«  =  thrust  loss  due  to  inlet  pressure  loss 

INTAKE 

A  fNqzzle  =  thrust  loss  due  to  nozzle  pressure  loss 


Plug 

°SPILL 


FR 


=  friction  drag  of  fan  cowl 
=  friction  drag  of  core  cowl 
=  friction  drag  of  core  nozzle  centre  body 
=  spillage  drag 

=  pressure  drag  of  fan  afterbody 
=  pressure  drag  of  core  cowl 


[isolated  Nacelle  Drag  DNac  is  =  D^  ♦  Df^  ♦  Df  _  _  +  DSpU1  *  Dp_  ^ 


‘F  "c  Plug 

[installed  Nacelle  Drag  PNac  in,t  =  PNac  ls  ♦  A  PNae  inBt _ 

A  Djjac  in8t  to  be  determined  from  wind  tunnel  tests. 


FR 


Pressure  losses  in  the  inlet  and  in  the  fan  duct  (duct  length  variation)  can  be  estimated 
by  standard  methods.  The  corresponding  thrust  losses  A  FM  and  z]FN 

"intake  "nozzles 
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can  be  calculated  from  knowledge  of  the  engine  cycle  and  are  mainly  a  function  of  the 
nozzle  pressure  ratios. 

Calculation  of  individual  drag  terms  have  been  developed  in  the  form  of  programme  modules 
which  can  either  be  used  individually  or  as  subprogramme s  in  a  larger  programme .  The  use 
of  programme  modules  facilitates  updating  and  refinement  of  each  individual  subprogramme. 

For  preliminary  design  purposes  simplified  assumptions  for  turbulent  flow  (e.g.  flat  plate 
friction)  can  be  used  for  the  individual  friction  drag  coefficient. 


In  the  case  of  the  core  cowl  Dfc  fan  nozzle  exit  conditions  are  assumed  in  order  to  give 
a  realistic  estimate  of  the  "Scrubbing  Drag"  on  that  surface. 


There  are  several  methods  of  calculating  the  drag  of  afterbodies  with  jets.  Quite  a  number 
have  been  developed  for  the  determination  of  rear-end  drag  of  fighter-type  aircraft.  One 
method  suitable  for  the  Mach  number  range  of  0,6  to  0,9  uses  correlated  experimental  data 
and  is  based  on  the  following  equation: 


Acn 


CD  *  pressure  drag  with  jet 
P 

C_  *  pressure  drag  of  body  with  zero  jet  defined  as 
Pz  nozzle  pressure  ratio  1  :  1 

AcD  =  correction  term  for  nozzle  pressure  ratio  1,0. 
P 


Fig.  22  shows  Cp  ,  which  was  found  to  be  a  function  mainly  of  boattail  angle  and  diameter 
ratio  d/D  of  thePZafterbody  in  [5] 


The  correction  term  for  jet  interference  A  CD  is  a  function  of 

P 

-  nozzle  pressure  ratio 

-  temperature 

-  boattail  angle  and 

-  diameter  ratio  d/D. 


Spillage  drag  cDspjjj  c an  be  calculated  by  empirical  methods  making  use  of  constant-pressure 
inlet  theory  [4]  ^  or  a  method  proposed  by  Mount  [6]  .  a  typical  result  is  shown  in 
Fig.  23.  Alternatively  experimental  data  can  be  used  if  the  inlet  under  consideration  has 
already  been  tested  at  a  sufficient  number  of  mass  flow  ratios  A  oo  /Ac  and  freestream 
Mach  numbers  Mg,  to  provide  input  data  for  a  computer  programme. 


4.3  Power  Unit  Optimization 

The  Power  Unit  is  the  complete  propulsion  system  consisting  of  nacelle  and  bare  engine 
as  attached  to  the  pylon  of  the  aircraft.  Thrust  minus  drag  of  this  unit  is  the  nett  force 
acting  on  the  rest  of  the  aircraft  in  flight  direction. 

Optimization  of  the  Power  Unit  by  variation  of 

-  engine  cycle  parameters  e.g.  bypass-ratio,  overall 
pressure  ratio  and  turbine  temperature 

nacelle  design,  i.e.  either  short  duct  nacelle  (SDN) 
or  long  duct  nacelle  (LDN) 

can  lead  to  an  indication  of  the  best  combination  of  engine  cycle  and  nacelle  design  to 
fulfil  a  given  mission  with  respect  to 

-  maximum  take-off  weight  and 

-  operating  cost. 

Fig.  24  shows  the  optimization  process,  which  is  best  done  by  computer  due  to  the  large 
number  of  variable  parameters.  The  computation  of  internal  and  external  nacelle  losses 
as  already  described  is  part  of  the  computing  process. 

The  result  of  this  overall  optimization  of  the  Power  Unit  with  respect  to  the  best  naoelle 
design  for  a  twin-engined  short-haul  aircraft  with 

-  bypass-ratio  variation  between  1  and  7 

-  turbine  entry  temperature  of  1373#K  and  1573#K 

-  total  pressure  ratio  of  18  :  1 

is  shown  in  Fig.  25.  This  diagramme  shows  where  SDN  and  LDN  should  be  used  depending  on 
bypass-ratio.  The  use  of  more  efficient  mixing  nozzles  in  the  LDN-versions  will  extend 
the  range  of  applicability  to  higher  bypass-ratios.  The  final  result  for  the  optimum 
engine  cycle  based  on  minimum  weight  is  shown  in  Fig.  26. 


This  example  shows  a  typical  application  of  modern  computers  for  solving  an  overall  air¬ 
craft  design  task  with  the  nacelle  performance  as  one  of  the  key  subprogrammes. 
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4.4  Interference  of  Nacelle  on  Wing 

The  effect  of  the  nacelle  on  the  wing  can  be  calculated  using  panel  methods  based  on  the 
singularity  method  of  Smith  and  Hess.  The  surface  of  the  investigated  configuration  is 
panelled,  alloting  a  constant  source  distribution  to  each  panel.  Suction  and  displacement 
effect  of  the  jet  can  be  simulated  by  solid-body  panels  with  the  exception  that  the  source 
strength  is  obtained  by  prescribing  non-vanishing  normal  velocities. 

The  panel  model  of  an  aircraft  with  an  overwing  nacelle  is  shown  in  Fig.  27.  Comparison 
of  test  and  calculation  for  the  case  of  a  faired  inlet  at  low  speed  conditions  are  in 
good  agreement. 


5.  FURTHER  WORK 

Further  work  is  desirable  in  developing  computerized  methods  for  determining  the 
impact  of  the  nacelle  integration  on  the  overall  aerodynamic,  structural  and  stability 
characteristics  of  a  given  aircraft.  Since  the  development  of  the  first  generation  of 
wide-body  jets  (Lockheed  C-5A,  Boeing  747,  DC-10,  Airbus  A  300  B)  using  high  bypass-ratio 
engines  a  data  base  already  exists,  which  can  be  used  for  first-order  results  and  even 
well  qualified  predictions  in  the  case  of  aircraft  families.  Efficient  use  of  available 
data  and  automatic  updating  can  be  facilitated  by  a  computerized  "Nacelle  Installation 
Data  Bank" .  Fig.  28  shows  a  schematic  proposal  with  respect  to  the  different  aspects  of 
nacelle  influence  on  the  overall  aircraft.  Main  inputs  into  the  data  bank  will  be  from 
wind  tunnel  and  actual  flight  tests  results.  Such  a  data  bank  also  provides  a  means  for 
making  better  use  of  the  large  amount  of  measured  data  available  from  modern  wind  tunnel 
test  facilities  and  aircraft  flight  test  mr^grammes. 

The  need  to  efficiently  install  high  bypass-ratio  engines  closer  to  the  wing  in  order  to 
achieve  the  same  ground  clearance  as  on  previous  aircraft  requires  the  use  of  improved 
computational  methods  which  take  account  of  the  effect  of  the  non-axisymmetrical  fan 
efflux  on  the  local  flow  field  and  overall  drag  as  it  emerges  on  both  sides  of  the  pylon 
into  the  corner  between  pylon  and  wing. 


5.  CONCLUSIONS 

The  use  of  the  computer  as  a  design  tool  for  the  different  stages  of  nacelle  develop¬ 
ment  and  integration  with  the  airframe  has  been  demonstrated.  Results  were  shown  of 
practical  application^  typical  of  work  in  a  preliminary  design  phase.  Further  require¬ 
ments  of  the  individual  solutions  are  possible  using  more  detailed  analytical  methods. 
These  will  be  characterized  by  longer  computing  times  and  higher  costs.  Future  progress 
in  computer  technology  and  the  use  of  appropriate  higher-order  languages  will  prove  very 
useful  for  these  purposes. 

Although  the  work  described  here  has  centered  mainly  an  aerodynamic  shaping  and  perfor¬ 
mance  similar  computational  approaches  can  be  applied  to  other  disciplines  of  nacelle 
design,  e.g.  weight  bookkeeping,  moments  of  inertia,  structures  and  acoustics. 

A  computerized  "Nacelle  Installation  Data  Bank"  will  provide  a  useful  tool  in  making 
efficient  use  of  the  increasing  amount  of  data  already  being  generated  from  wind  tunnel 
and  flight-test  programmes,  especially  for  aircraft  families. 

Further  application  to  design  and  analysis  should  include  the  effect  of  three-dimensional 
jets  on  future  wing,  nacelle  and  pylon  combinations. 

Increased  effectiveness  of  application  and  better  acceptance  of  the  computer  as  a 
design  tool  can  be  achieved  by  improving  the  man/machlne  relationship  in  the  design  pro¬ 
cess.  This  can  be  facilitated  by  using  graphical  displays,  especially  the  new  generation 
of  colour  graphics. 
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1  Nacelle  with  Plug-Type  Primary  Nozzle 


Nacelle  with  Simple 
Short  Primary  Nozzle 


Comparison  of  Dimensions 
2  x  J57-P43W  28.000  lb 
1  x  CF6  42.000  lb 


thrust  bypass-ratio  1,0 
thrust  bypass-ratio  6,0 


Fig.:  3  Comparison  of  Engine  Sizes 


a)  Effect  of  Engine  Bypass  Ratio  (BPRl 
on  Specific  Fuel  Consumption  (SFC) 


b)  Effect  of  BPR  on  Engine  Site 
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Engine  Development  Trends 
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Typical  Bare  Engine 
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Spillage  Drag 


Design  Parameters  for  NACA-1  Inlet  Family 
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Synthesis  of  Symmetrical 
Nacelle  with  Drooped  Inlet 
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Fig.:  19  Synthesis  of  Asymmetrical 
Nacelle  with  Drooped  Inlet 
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Flight  Mach  number  0,65 
Cruise  Rating 


Flow  Field  Calculation  with 
Streamtube  Curvature  Method 


Influence  of  Nacelle  Type  on 
Nacelle  Drag  at  Cruise  Conditions 


Fig.:  26 


Optimization  of  Engine  Cycle 
(including  nacelle  design) 
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SUMMARY 


Availability  of  a  suitable  propulsion  system  is  generally  acknowledged  to  be  a  key 
requirement  for  the  successful  development  of  a  new  airplane.  This  paper  describes  the 
computational  techniques  utilized  at  Lewis  Research  Center  to  determine  the  optimum  pro¬ 
pulsion  systems  for  future  aircraft  applications  and  to  identify  system  tradeoffs  and 
technology  requirements. 

Over  the  last  five  years,  the  NASA  Lewis  Research  Center  has  obtained  a  greatly  in¬ 
creased  capability  of  performing  detailed  studies  of  engine  cycles  on  the  computer.  Many 
more  parameters  can  now  be  accounted  for  in  the  engine  selection  process.  We  can  calcu¬ 
late  cycle  performance,  engine  weight,  predict  costs  and  account  for  installation  effects 
as  opposed  to  fuel  consumption  alone.  Almost  any  conceivable  turbine  engine  cycle  can  be 
studied  since  we  do  not  rely  on  preconfigured  simulation  codes  but  can  input  the  engine 
cycle  externally  to  the  codes.  Most  of  this  capability  has  come  through  the  Joint  ef¬ 
forts  of  the  Naval  Air  Development  Center,  The  Boeing  Company  and  NASA  Lewis. 

These  computer  codes  are: 

NNEP  -  a  very  general  cycle  analysis  code  that  can  assemble  and  arbitrary  matrix  of 
fans,  turbines,  ducts,  shafts,  etc.,  into  a  complete  gas  turbine  engine  and  compute  on- 
and  off-design  thermodynamic  performance 

WATE  -  a  preliminary  design  procedure  for  calculating  engine  weight  using  the  com¬ 
ponent  characteristics  determined  by  NNEP 

LIFCYC  -  a  computer  code  presently  being  developed  in  conjunction  with  the  Navy  to 
calculate  life  cycle  costs  of  engines  based  on  the  output  from  WATE 

INSTAL  -  a  computer  code  presently  being  developed  under  contract  to  calculate  in¬ 
stallation  effects,  inlet  performance  and  inlet  weight 

POD  DRG  -  a  table  look-up  program  to  calculate  wave  and  friction  drag  of  nacelles 

Examples  will  be  given  to  illustrate  how  these  computer  techniques  can  be  applied  to 
analyze  and  optimize  propulsion  system  fuel  consumption,  weight  and  cost  for  representa¬ 
tive  types  of  aircraft  and  missions. 

INTRODUCTION 

The  airplanes,  engines  and  missions  of  today  are  far  more  complicated  than  those  of 
Just  a  few  years  ago.  The  ability  to  determine  the  optimum  combination  of  airplane  and 
engine  is  of  paramount  importance.  But  what  Is  the  optimum  combination.  Is  it  the  en¬ 
gine  that  burns  the  least  fuel?;  Costs  the  least  to  operate?;  Can  minimize  installation 
penalties?;  Minimizes  fuel  plus  engine  weight?;  A  combination  of  the  above? 

Each  airplane/engine  system  probably  has  its  own  criteria  of  optimization.  It  is 
therefore  necessary  to  develop  the  analytical  tools  capable  of  calculating  all  the  fac¬ 
tors  which  enter  into  the  selection  process.  This  paper  discusses  the  computer  tech¬ 
niques  employed  at  the  NASA  Lewis  Research  Center  to  perform  these  calculations.  The 
process  by  which  almost  any  conceivable  turbine  engine  can  be  evaluated  as  to  fuel  con¬ 
sumption,  engine  weight,  cost  and  Installation  effects  is  described.  Examples  are  shown 
as  to  the  benefits  of  variable  geometry  and  of  the  tradeoff  of  fuel  burned  versus  engine 
weight.  Future  plans  for  further  improvements  in  the  analytical  modeling  of  engine  sys¬ 
tems  are  also  described. 

HANDMATCHING 

In  order  to  determine  engine  operating  characteristics  at  specified  flight  condi¬ 
tions,  methods  were  developed  in  the  1940's  for  s  iperimposing  engine  component  matching 
maps  for  simple  engines  such  as  turbo' ets  and  turboprops.  These  methods  involved  labori¬ 
ous  hand  calculations  and  performance  map  transformations  to  determine  at  what  operating 
conditions  of  the  engine  components  continuity  of  mass  and  energy,  and  mechanical  speed 
relationships  were  satisfied.  Needless  to  say,  especially  when. methods  were  developed 
for  a  two  spool  engine,  hours  and  even  days  were  required  to  determine  an  operating  line 
for  an  engine.  A  thorough  discussion  of  these  methods  can  be  found  in  reference  1.  Fig¬ 
ure  1  illustrates  the  time  frame  and  capabilities  that  existed. 

*Head ,  Flight  Performance  Section,  Mission  Analysis  Branch,  V/STOL  and  Noise  Division. 


26-2 


EARLY  COMPUTER  BASED  MATCHING  CODES 

With  the  advent  of  high  speed  computers,  the  task  of  matching  of  the  engine  compo¬ 
nents  could  not  only  be  solved  faster  but  more  complex  engines  such  as  two-spool  engines 
with  a  bypass  flow  (turbofan)  could  be  simulated.  Many  companies,  universities,  and 
government  installations  developed  computerized  methods.  One  of  the  earliest  of  these 
matching  computer  codes  was  called  SMOTE  and  was  developed  at  Wright  Patterson  Air  Force 
Base  (ref.  2).  SMOTE  was  capable  of  matching  two  spool  turbofan  engines.  This  capabil¬ 
ity  was  expanded  by  the  development  of  GENENG  and  GENENG  II  at  NASA’s  Lewis  Research 
Center.  The  GENENG  codes  (refs.  3  and  4)  were  capable  of  matching  one,  two  or  three 
spool  engines  with  as  many  as  three  nozzles.  Turbofans  with  booster  or  supercharger 
stages  on  the  compressors  could  be  simulated  as  well  as  aft-fan  engines.  GENENG  served 
as  the  main  simulation  code  in  NASA  and  was  adopted  for  use  by  over  20  Government  agen¬ 
cies,  companies,  and  universities.  A  version  of  GENENG  called  DYNGEN  was  developed  at 
Lewis  to  simulate  transient  behavior  of  turbofan  engines  (ref.  5)  for  use  in  control  sys¬ 
tem  studies. 
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THE  NAVY/NASA  ENGINE  PROGRAM  (NNEP) 

Since  1973,  the  NASA  Lewis  Research  Center  has  been  conducting  studies  of  advanced 
supersonic  engines  including  Variable  Cycle  Engines  or  VCE's.  These  engines  take  advan¬ 
tage  of  the  use  of  variable  geometry  components  and  in-flight  flow  switching  capabilities 
such  as  from  mixed  flow  to  separate  flow  to  attempt  to  deliver  good  engine  performance  at 
supersonic  conditions  as  well  as  subsonic.  By  optimizing  the  exhaust  profile  during  take¬ 
off  significant  decreases  in  jet  noise  can  also  be  achieved.  It  became  apparent  that 
GENENG  and  similar  codes  could  not  simulate  some  of  the  concepts  coming  out  of  the  stud¬ 
ies.  The  new  cycles  did  not  fit  into  any  of  the  engine  concepts  already  built  into  the 
codes. 

Two  options  were  available.  A  new  specific  code  could  be  developed  for  each  new 
engine  concept,  or  a  general  code  capable  of  simulating  any  engine  could  be  developed. 

The  secpnd  alternative  was  chosen  as  being  more  time  efficient  in  the  long  run  and  more 
responsive  to  any  immediate  need.  We,  therefore,  decided  to  develop  a  new  computer  code 
in  which  an  arbitrary  engine  configuration  consisting  of  selected  combinations  of  compo¬ 
nents  could  be  described  at  input  time.  It  was  also  necessary  to  allow  changes  in  engine 
configuration  while  running  the  code  to  simulate  the  operation  of  various  VCE  concepts. 
Furthermore,  because  of  the  large  number  of  variables,  it  was  highly  desirable  to  opti¬ 
mize  the  settings  of  variable  components  such  as  nozzle  or  turbine  areas  (e.g.,  to  mini¬ 
mize  SFC  for  a  given  thrust). 

Contact  with  the  Naval  Air  Development  Center,  Warminster,  PA,  revealed  that  they 
had  a  computer  code,  NEPCOMP  (ref.  6),  which  already  contained  some  of  the  features  de¬ 
sired  and  whose  structure  was  flexible  enough  to  permit  the  addition  of  others.  This 
code  lacked  optimization  capability  and  the  ability  to  operate  with  "stacked"  maps  which 
would  represent  variable  component  performance.  However,  it  already  had  the  capability 
for  processing  arbitrary  engine  configurations.  NASA-Lewls  therefore  contracted  with  the 
Naval  Air  Development  Center  for  the  joint  development  of  an  improved  computer  code.  The 
objective  of  the  Joint  effort  was  to  obtain  a  code  capable  of:  simulating  any  turbine 
engine  the  user  could  conceive,  simulating  variable  component  performance,  changing  air¬ 
flow  paths  while  running,  and  optimizing  variable-geometry  settings  to  minimize  the  spe¬ 
cific  fuel  consumption  or  maximize  the  thrust. 

An  interim  version  of  this  new  code  given  the  acronym  NNEP  (Navy  NASA  Engine  Program) 
became  operational  in  May  of  1974  and  has  been  continuously  refined  since  then  to  include 
all  of  the  desired  capabilities. 

NNEP  contains  almost  all  of  the  subroutines  and  incorporates  the  philosophy  of  con¬ 
struction  of  NEPCOMP  as  described  In  reference  6.  The  major  improvements  incorporated  in 
NNEP  relative  to  NEPCOMP  are  the  addition  of:  (1)  a  performance  optimization  capability, 
(2)  processing  of  stacked  component  maps  for  VCE  operation,  (3)  multiconfiguration  (modes) 
to  simulate  flowpath  switching,  (4)  a  computer  generated  engine  configuration  schematic, 
(5)  throttle  dependent  inlet  and  boattall  drag  calculations,  and  (6)  a  simpler  input  data 
format. 

As  previously  mentioned,  the  engine  is  configured  at  input  time  in  running  NNEP. 
First,  the  user  draws  a  schematic  of  the  engine  he  wishes  to  study,  for  example,  a  simple 
turbofan  as  shown  in  figure  2.  He  assigns  a  flow  station  number  1  at  the  entrance  to  the 
inlet  and  labels  the  inlet  as  component  number  1.  After  this  he  is  free  to  assign  any 
number  at  the  other  flow  stations  In  the  engine  and  to  label  each  of  the  components  with 
any  component  number.  One  problem  that  does  arise  is  that  is  not  possible  at  all  times 
to  label  the  flow  stations  in  accordance  with  the  Aerospace  Recommended  Practice  ARP  755A. 

The  components  that  can  be  simulated  In  NNEP  are  as  follows: 

Flow  components  -  falling  under  this  classification  are 

(1)  Inlets 

(2)  Ducts/burners 

(3)  Compressors 
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(It)  Turbines 

(5)  Mixers 

(6)  Heat  exchangers 

(7)  Splitters 

(8)  Nozzles 

(9)  Water  injectors 

Mechanical  components  - 

(1)  Shafts 

(2)  Loads 

Control  and  optimization  components  - 

(1)  Controls 

(2)  Optimization  variables 

(3)  Limit  variables 

There  is  a  limit  of  a  total  of  60  components  (including  all  of  the  flow,  mechanical, 
control  and  optimization  variables)  allowed  within  the  code.  The  maximum  number  of  any 
one  type  of  flow  or  mechanical  components  is  24  and  the  maximum  number  of  controls  + 
optimization  variables  is  20.  A  KONFIG  input  card  is  then  generated  by  the  user  for  each 
component  as  shown  in  figure  3-  This  figure  is  for  the  compressor  in  figure  2.  The  com¬ 
ponent  is  identified  as  component  number  4,  that  it  is  a  compressor  and  that  its  primary 
upstream  flow  station  number  is  4,  there  is  no  secondary  upstream  flow;  that  the  primary 
downstream  flow  station  is  number  5;  and  the  secondary  downstream  flow  station  is  number 
13  (bleed  flow).  After  all  the  components  have  been  "configured,"  NNEP  generates  its  own 
flow  path  logic  by  joining  components  by  the  station  numbers. 

Each  component  has  associated  with  it  up  to  15  required  inputs  describing  the  com¬ 
ponent.  These  Inputs  are  usually  design  values  such  as  pressure  rise  or  map  numbers 
corresponding  to  prestored  performance  maps  for  the  component.  An  illustration  of  the 
specifications  for  the  compressor  in  figure  3  is  shown  in  figure  4. 

Control  Information  is  also  entered  as  input  Identifying  both  the  independent  and 
dependent  variable  as  shown  in  figure  5-  Optimization  variables  are  entered  similarly  as 
shown  in  figure  6. 

NNEP  has  proven  to  be  a  powerful  analytical  tool.  Its  primary  purpose  is  to  gener¬ 
ate  engine  performance  data  for  mission  analysis  studies.  A  typical  use  Is  shown  in  fig¬ 
ure  7-  This  figure  illustrates  the  specific  fuel  consumption  of  a  supersonic  turbofan 
engine  as  a  function  of  engine  thrust  when  the  supersonic  engine  is  operated  at  a  subson¬ 
ic  cruise  condition  Mach  0.9  at  11  000  meters  (36  089  ft).  Shown  on  the  figure  are  three 
curves.  The  bottom  curve  represents  the  engine  performance  on  an  uninstalled  basis,  that 
is,  a  pure  thermodynamic  cycle  calculation.  None  of  the  variable-geometry  features  of 
the  engine  have  been  utilized. 

An  engine  and  inlet  which  are  sized  for  supersonic  cruise  can  suffer  significant  in¬ 
stallation  losses  subsonicly.  At  the  reduced  power  settings  the  inlet  will  be  capable 
of  swallowing  more  air  than  the  engine  requires  resulting  ir.  inlet  spillage  drag.  The 
boattail  aft  of  the  engine  will  not  be  filled  with  engine  air  resulting  in  additional 
drag.  Installed  performance  for  the  fixed-geometry  engine  is  represented  by  the  upper¬ 
most  curve.  As  can  be  seen  the  difference  between  installed  and  uninstalled  performance 
Increases  as  engine  thrust  is  reduced.  The  engine  specific  fuel  consumption  increases 
rapidly  at  the  lower  power  settings. 

The  introduction  of  variable  geometry  features  into  the  engine  can  greatly  change 
the  shape  of  the  installed  performance  curve.  The  performance  of  the  engine  with  a  vari¬ 
able  geometry  nozzle  and  variable  area  low  pressure  turbine  is  shown  on  the  remaining 
curve.  The  optimization  capability  of  NNEP  has  been  used  to  determine  the  optimum  values 
of  the  two  independent  variables.  As  can  be  seen,  the  curve  is  essentially  flat.  The 
components  have  varied  to  maintain  as  high  an  airflow  as  possible  through  the  engine  to 
reduce  the  spillage  and  boattail  drag.  NNEP  has  proven  to  be  a  very  versatile  engine 
cycle  computer  code  and  is  now  in  use  at  approximately  30  government  Installations ,  com¬ 
panies  and  universities. 


WEIGHT  ANALYSIS  OP  TURBINE  ENGINES  -  WATE 

With  NNEP  we  are  capable  of  simulating  almost  any  turbine  engine  cycle  the  user  can 
conceive  of.  Being  able  to  calculate  engine  performance  and  hence  the  fuel  consumed  on 
a  mission  is  an  important  part  of  calculating  the  vehicle  performance.  It  is  also  neces¬ 
sary  to  be  able  to  calculate  the  engine  weight,  length  and  diameter.  The  engine  weight 
represents  a  significant  part  of  the  empty  weight  of  an  airplane.  The  length  and  diame¬ 
ter  of  the  engine  are  important  in  calculating  friction  and  boattail  drags.  In  order  to 
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develop  the  capability,  NASA  Lewis  awarded  a  contract  to  the  Boeing  Military  Airplane 
Development  Division  of  the  Boeing  Company  to  develop  an  engine  weight  estimation  code. 

The  first  version  of  this  code  WATE-1  (ref.  8)  was  completed  in  1977.  It  used  a 
preliminary  design  approach  where  stress  level,  maximum  temperature,  material,  geometry, 
stage  loading,  hub-tip  ratio  and  shaft  mechanical  overspeed  are  used  tc  determine  individ 
ual  component  weights.  The  total  engine  weight  was  then  calculated  as  the  sum  of  the  in¬ 
dividual  components.  The  contract  required  that  the  code  predict  both  individual  compo¬ 
nent  and  total  engine  weight  within  ±10  percent  accuracy. 

A  relatively  high  level  of  detail  was  found  necessary  in  order  to  obtain  the  re¬ 
quired  accuracy.  Component  weight  data  for  29  different  engines  were  used  as  a  data  base 
This  data  base  is  shown  in  the  figure  8.  The  list  of  engines  Includes  military  and  com¬ 
mercial,  turbo fans  and  turbojets,  augmented  and  dry,  hardware  engines  and  proposed  en¬ 
gines,  and  supersonic  and  subsonic  engines. 

WATE  1  was  constructed  to  operate  as  an  adjunct  to  NNEP.  After  running  a  cycle 
point  on  NNEP  the  thermodynamic  properties  were  fed  to  the  WATE-1  set  of  subroutines 
along  with  inputs  representing  the  design  features  of  the  components.  The  engine  weight, 
length,  and  dimensions  were  then  calculated.  At  the  same  time,  parts  counts  are  gener¬ 
ated  for  the  engine  such  as  number  of  blades,  size  of  discs,  etc. 

In  1978,  NASA  Lewis  awarded  a  follow-on  contract  to  the  Boeing  Company  to  extend  the 
capabilities  of  WATE  1.  This  new  version,  WATE  2  (ref.  9)  was  completed  in  1979  and  has 
added  many  desirable  features.  Weight  determination  is  done  for  each  component  at  its 
critical  operating  point  as  follows:  NNEP  is  now  used  to  "fly"  the  engine  throughout  the 
flight  envelope  of  the  aircraft  and  the  maximum  values  of  the  flow,  temperature,  pressure 
and  engine  speed  stored  for  use  in  sizing  the  components.  Based  upon  these  critical  con¬ 
ditions,  the  weight  is  determined.  The  capability  to  calculate  the  weight  of  radial  flow 
components  and  of  small  engines  was  added  in  conjunction  with  a  subcontract  to  the 
Garrett  Division  of  AiResearch  Manufacturing  Company  of  Arizona.  The  engine  center  of 
gravity  and  moments  of  inertia  are  also  now  calculated. 

The  accuracy  of  the  code  is  shown  in  figure  9-  As  can  be  seen,  all  of  the  engines 
fall  within  the  ±10  percent  band  and,  in  most  cases,  approach  ±5  percent  or  better  espe¬ 
cially  in  terms  of  engine  weight. 

WATE  has  built-in  default  values  for  most  of  the  inputs.  If  the  user  does  not  enter 
values,  these  default  values  are  automatically  used.  Many  of  these  were  used  in  the  cal¬ 
culation  of  these  weights.  If  more  information  was  available  to  us,  especially  in  terms 
of  geometry  inputs  of  the  rotating  components,  these  already  small  errors  could  probably 
be  reduced  even  further. 

The  combination  of  WATE  and  NNEP  is  a  very  powerful  analytical  tool.  As  an  example, 
a  recent  study  considered  the  question  of  optimum  cycle  parameters  for  a  duct  burning 
turbofan  for  a  supersonic  cruise  airplane  (ref.  10).  Some  of  the  results  of  this  study 
are  duplicated  here.  The  fuel  mass  and  bare  engine  mass  for  88  950  newton  (20  000  lb) 
thrust  engines  flying  6440  kilometers  (4000  mile)  operating  at  Mach  2.4,  16460  meters 
(54  000  ft)  initial  atitude  are  shown  in  figure  10.  These  masses  are  shown  as  functions 
of  Bypass  Ratio  and  Overall  Pressure  Ratio  (OPR)  with  and  without  duct  burning.  The 
cycle  analyst  looking  only  at  the  fuel  mass  in  figure  10  would  conclude  that  the  optimum 
engine  would  operate  dry  and  have  an  OPR  of  about  16  at  a  Bypass  Ratio  of  1.8  or  more. 
However,  when  the  mission  analyst  adds  the  fuel  and  engine  masses  as  shown  in  figure  11, 
the  optimum  engine  operates  with  the  duetburner  on,  an  OPR  of  12  and  a  BPR  of  0.8. 


LIFE  CYCLE  COSTING  -  COST/LIFCYC 

The  question  of  cost  is  entering  more  and  more  into  the  selection  process  for  opti¬ 
mum  engines.  The  initial  cost  is  not  the  only  criteria  for  selection.  Total  life  cycle 
cost  including  maintenance,  spares,  operating  costs,  etc.  must  be  considered  for  many 
applications.  In  order  to  develop  the  capability  of  calculating  Life  Cycle  Cost,  NASA 
Lewis  contracted  with  the  Naval  Air  Development  Center  (NADC )  in  1978  to  receive  their 
costing  model.  NADC  in  turn  subcontracted  with  Boeing  to  supply  them  with  the  production 
cost  of  the  engine.  As  previously  mentioned  the  weight  code  WATE  calculates  parts  counts 
and  weights  as  well  as  total  component  and  total  engine  weight.  These  weights  are  trans¬ 
ferred  to  cost  estimating  routines  which  are  based  on  correlations  developed  by  NADC  and 
Naval  Air  Systems  Command.  This  procedure  is  flow  diagramed  in  figure  12.  The  correla¬ 
tion  parameter  is  based  on  a  system  o  lassifying  materials  by  similarity  of  applica¬ 
tions  in  engines  (ref.  11).  In  this  procedure,  materials  used  in  jet  engines  are  placed 
in  one  of  a  total  of  six  relative  cost  categories  having  to  do  with  a  combination  of 
manufacturing  cost  and  raw  materials  cost.  Carbon  steel  and  aluminum  are  assigned  the 
lowest  classification  and  used  as  a  reference.  High-strength  high-temperature  nickel 
cobalt  alloys  which  are  costly  and  difficult  to  machine  are  placed  in  the  highest  (fifth) 
classification.  Because  of  peculiar  differences  in  cost  and  machinability ,  titanium 
alloys  are  assigned  a  separate  (sixth)  classification.  Two  induces  are  developed  for 
each  material  class,  namely 

(1)  Relative  material  cost 

(2)  Relative  machining  cost 


The  product  of  these  two  induces  is  called  the  "relative  weighing  factor. 
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In  the  cost  estimation  procedure,  the  estimated  weight  of  each  engine  component  is 
first  converted  to  raw  material  weight.  A  raw  material  weight  to  finished  material 
weight  scaling  factor,  referred  to  as  "Buy/Ply"  ratio,  has  teen  estimated  for  each  com¬ 
ponent  for  state-of-the-art  and  for  advanced  production  methods.  Raw  material  weight  is 
then  multiplied  by  the  relative  weighing  factor,  and  the  sum  of  all  such  component  prod¬ 
ucts  is  formed.  The  summation  for  all  engine  components  is  called  the  "Maurer  factor" 
in  honor  of  its  originator,  R.  J.  Maurer.  The  production  cost  of  the  engine  is  estimated 
by  the  linear  correlation  (fig.  13)  between  engine  manufacturing  cost  and  the  Maurer  fac¬ 
tor  (ref.  11). 

This  code  is  just  becoming  operational  at  NASA  Lewis  and  no  results  have  as  yet  been 
generated  except  for  Isolated  check  cases  in  which  predicted  costs  have  been  compared  to 
the  actual  and  appear  reasonable.  A  final  report  should  be  published  sometime  during  the 
summer  of  1979- 

Having  determined  the  engine  cost,  it  is  now  possible  to  determine  the  Life  Cycle 
Cost  based  upon  the  NADC  Life  Cycle  Costing  Model.  The  interrelationship  of  COST  with 
LIFCYC  is  shown  in  figure  1*1.  NADC  will  supply  the  inputs  and  models  to  calculate  all 
the  parts  of  the  pie  other  than  manufacturing  costs.  It  is  anticipated  that  this  work 
will  be  performed  in  the  fall  of  1979. 


IMPROVED  INSTALLATION  EFFECTS  MODEL  -  INSTAL 

The  previous  example  (fig.  7)  of  varying  engine  flow  by  the  use  of  variable  geometry 
to  reduce  installation  effects  showed  the  importance  of  inlet  and  nozzle  component  per¬ 
formance,  external  as  well  as  internal.  That  figure  was  generated  with  a  simplified 
model  for  inlet  and  boattall  drag  that  is  built  into  the  NNEP  program. 

It  was  decided  that  NASA  Lewis  should  obtain  a  more  sophisticated  method  for  these 
calculations.  Consequently,  a  contract  was  awarded  to  Boeing  in  1978  to  provide  a  broad 
subsidiary  program  for  determining  power-dependent  inlet  and  afterbody  installation  ef¬ 
fects  and  also  inlet/nacelle  weights  (presently  not  in  the  WATE  code).  Nozzle  weights 
are  already  calculated  within  WATE.  In  addition  to  generating  the  component  performance 
maps  for  NNEP,  the  code  can  be  interactive  with  the  cycle  and  hence  a  tradeoff  of  inlet, 
afterbody,  and  cycle  can  be  utilized  in  the  design  process. 

The  types  of  performance  maps  to  be  generated  are  shown  in  figures  15  and  16  for  in¬ 
lets  and  nozzles  respectively.  The  necessary  maps  are  obtained  from  either  a  data  base 
or  theoretical  calculations  (ref.  13).  The  data  base  contains  performance  data  (usually 
experimental)  for  a  spectrum  of  inlet  (axlsymetric ,  2D,  pitot,  mixed  compression)  or  noz¬ 
zle  (axlsymetrlc,  2D,  twin,  etc.)  types.  A  derivative  procedure  (ref.  13)  can  be  used  to 
adjust  the  data  base  for  changes  in  design  Mach  number,  sideplate  shape,  subsonic  dif¬ 
fuser  loss,  cowl  lip  bluntness,  takeoff  door  area,  external  cowl  initial  angle,  bleed 
system  design,  and  bypass  system  exit  design.  Items  not  included  in  the  data  are  deter¬ 
mined  analytically.  Nozzle/afterbody  data  are  treated  in  a  similar  manner.  The  data 
base,  being  primarily  experimental,  offers  increased  confidence  in  areas  that  are  diffi¬ 
cult  to  treat  theoretically  such  as  viscous  effects. 

After  selecting  the  inlet  size  or  sizing  Mach  number,  the  inlet  and  nozzle  are 
matched  to  the  NNEP  cycle  data  and  the  Installed  performance  calculated  as  well  as  the 
respective  weights.  Trade  off  studies  can  now  be  made  of  such  effects  as  the  best  com¬ 
bination  of  bypass  and  spillage  for  minimum  specific  fuel  consumption. 

The  final  report  for  the  work  being  performed  under  this  study  contract  is  scheduled 
to  be  published  in  the  early  fall  of  1979. 


WAVE  AND  FRICTION  DRAG  -  PODDRG 

Under  contract  to  NASA  Langley  Research  Center,  Rockwell  International  developed  a 
method  of  evaluating  the  effects  of  nacelle  shape  on  drag  and  weight  of  a  supersonic 
cruising  aircraft  (ref.  14).  Under  this  contract,  Rockwell  determined  wave  and  friction 
drag  increments  for  a  range  of  parametric  shapes.  As  part  of  a  follow-on  contract  with 
NASA  Lewis  Research  Center,  Rr 'kwell  developed  a  computer  code  (PODDRG)  capable  of  inter¬ 
rogating  the  data  points  generated  under  the  previous  contract  In  order  to  determine 
drag  increments  for  any  nacelle  shape  of  Interest  (ref.  15). 

These  nacelle  incremental  drags  are  only  applicable  to  the  NASA  arrow-wing  superson¬ 
ic  transport  configuration  (ref.  16).  The  program  yields  the  incremental  wave  and  fric¬ 
tion  drags  of  nacelles  as  functions  of  nacelle  geometry  variables  and  airplane  Mach  num¬ 
ber.  The  drag  increments  are  for  the  total  vehicle  relative  to  the  vehicle  with  nacelles 
removed.  That  is,  all  Interference  effects  with  the  airframe  are  accounted  for.  The 
nacelle  shape  parameters  used  as  Inputs  to  the  program  are: 

(1)  Aq  Inlet  capture  area 

(2)  A^AX  Nacelle  maximum  cross-sectional  area 

(3)  An  Nozzle  exit  area  (supersonic  cruise  position) 

(it)  Distance  from  inlet  cowl  leading  edge  to  maximum  cross-sectional  area 
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(5)  i  Nacelle  total  length 

(6)  SREF  Reference  wing  area 

The  output  of  this  program  Includes,  for  the  nacelle  of  Interest: 

(1)  The  aforementioned  Input  data 

(2)  Drag  coefficients  at  Mach  1.2,  Mach  2.32,  and  the  Input  Mach  number  for  fric¬ 

tion  (CDF),  wave  (CDW),  and  total  (CDO)  drags 

(3)  The  nondlmensional  parameters  of  position  of  maximum  cross-sectional  area 

(xAMAX/i)>  nozzle-to-capture  area  ration  (An/Ac),  maximum-to-capture  area 
ration  (Amax/ac)»  and  fineness  ration  (£/d0) 

In  addition.  Incremental  drag  coefficients  of  the  reference  airplane  nacelle 
(ref.  16)  are  printed. 

Typical  nacelle  incremental  wave  drag  variations  are  shown  In  figure  17.  Note  that 
a  properly  shaped  nacelle  can  produce  a  lower  total  airplane  drag  than  that  of  the  air¬ 
frame  alone  (ACoy  <  0).  The  nacelle  drags  thus  calculated  are  fed  into  mission  flight 
computer  codes  in  evaluating  systems  performance. 


CONCLUDING  REMARKS 

NASA  Lewl3  Research  Center  with  a  combination  of  In-house,  joint,  and  contracted  ef¬ 
forts  has  been  and  is  continuing  to  develop  the  capability  to  determine  the  engines  for 
optimum  mission  performance.  In  the  selection  process  we  can  account  for  cycle  perfor¬ 
mance,  engine  weight,  life  cycle  costs,  and  installation  effects.  Future  efforts  will  be 
directed  towards  improvement  in  the  current  capabilities,  mainly  in  the  areas  of  develop¬ 
ing  better  optimization  methods  to  reduce  computer  time  and  analytically  determining  per¬ 
formance  maps  for  rotating  machinery.  For  example,  we  are  about  to  award  a  contract  for 
turbine  map  generation,  to  be  used  for  new  cycles  in  which  simple  scaling  of  pre-existing 
maps  is  not  sufficient.  We  believe  that  all  of  these  methods  will  greatly  reduce  the  ef¬ 
fort  expended  in  performing  mission  analysis  by  narrowing  in  more  quickly  on  the  engine 
cycles  of  greatest  interest. 
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Fig.3  Define  component  type  and  location  in  flowstream 


SPEC (1,  41-  LI.  a036.  1.  3707,  1,  3708k  1,  3709,  1,  0,  0.  0.88,  4.1,  L0.  0, 

(1)  (2)  (3)  (4)  (5)  (6)  (7)  (8)  (91(10X11)  (12)  (13)  (14X15) 

(1)  "R"  VALUE  ON  MAP  -  LI 

(2)  BLEED  FLOW/TOTAL  FLOW  -  a  036 

(3) . (5). (7).  AND  (9)  SCALE  FACTORS  ON  N/\f,  W\fl/6,  U,  AND  PR  ON  MAPS. 

THESE  ARE  INITIALLY  SET  •  1  AND  ARE  INTERNALLY  COMPUTED 

(4)  MAP  REFERENCE  NUMBER  OF  WV&/6  VERSUS  "RM  -  3707 
(6)  MAP  REFERENCE  NUMBER  OF  T)  VERSUS  ”R"-3708 

(8)  MAP  REFERENCE  NUMBER  OF  PR  VERSUS  "R"  •  3709 
(10)  3rd  DIMENSIONAL  ARGUMENT  ON  "STACKED  MAPS"  -  STATOR  ANGLE  -  0 
(111  FRACTIONAL  HORSEPOWER  LOSS  DUE  TO  INTERSTAGE  BLEED  -  0 

(12)  DESIRED  ADIABATIC  EFFICIENCY  tj  AT  DESIGN  POINT  ON  MAP  *  a  88 

(13)  DESIRED  PRESSURE  RATIO  PR  AT  DESIGN  POINT  ON  MAP  •  4. 1 

(14)  DESIGN  POINT  CORRECTED  SPEED  N/VS-1.0 

(15)  NOT  USED 

Fig.4  Defining  component  characteristics  (for  a  compressor) 
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Fig.5  Defining  controls 
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Fig.  6  Defining  optimization  variables 
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Fig.7  Engine  specific  fuel  consumption  as  a  function  of  engine  thrust 
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Fig.  1 2  Overall  program  structure 
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Fig.  1 4  Engine  life  cycle  cost 
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Fig.  1 7  Typical  nacelle  incremental  wave  drag  variations  with 
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MSHBUXXCAL  MODELLING  IN  MILITANT  ADC  BAFT 
WEAPON  SYSTEM  DESIGN 
by 

N.  Mitchell 

British  Aerospace 

Aircraft  Group 
Warton  Division 

Warton  Aerodrome ,  Preston,  Iancashire  PR 4  1AX  - 

SUMMARY 

Modern  aircraft  weapon  systems  are  increasing  in  complexity  and  performance  and  require  detailed 
assessment  to  define  their  capabilities  and  limitations.  One  of  the  main  tools  used  in  weapon  system 
design  and  analysis  is  the  mathematical  model,  ie  a  complete  mathematical  representation  of  the  aircraft 
weapon  system,  programmed  for  running  on  a  digital  computer.  The  main  elements  of  a  model  are  described 
and  the  use  of  models  is  discussed  in  the  chronological  phases  of  weapon  system  design  and  development, 
including  trials  planning  and  analysis,  with  the  associated  model  matching.  Examples  of  the  use  of  models 
to  investigate  and  resolve  design  problems  are  given,  including  integrated  modelling  between  several 
companies.  There  is  a  rapid  growth  in  number  and  use  of  digital  computers  in  aircraft  weapon  systems  and 
some  typical  modelling  input  to  the  software  of  these  airborne  computers  is  discussed. 

INTRODUCTION 

The  subject  of  this  paper  is  Mathematical  Modelling  and  its  use  in  the  design  and  analysis  of  aircraft 
weapon  systems.  It  is  particularly  appropriate  for  presentation  at  this  symposium  on  the  use  of  computers 
in  design,  because  modelling  didn't  really  take  off  until  the  appearance  of  more  powerful  digital  computers 
in  the  early  sixties,  and  modelling  activity  has  grown  in  parallel  with  computer  developments  since  then. 

The  purpose  of  the  paper  is  to  describe  the  main  features  and  uses  of  models  and  then  go  on  to  describe 
some  particular  applications,  as  examples  of  the  way  they  are  used  in  the  design  process.  Although  the  paper 
deals  with  mathematical  modelling  of  aircraft  weapon  systems,  similar  modelling  techniques  are  applicable 
over  a  very  wide  range  of  technical  and  commercial  activities. 

THE  FUNCTION  OF  MI LIT ART  AIRCRAFT 

Much  attention  is  rightly  paid  to  particular  key  aspects  of  weapon  system  design,  eg  aerodynamics, 
structures,  engines  etc.,  but  it  should  not  be  forgotten  that  the  main  function  of  military  aircraft 

weapon  systems  is  to  kill  and  destroy.  The  need  for  national  air  forces  and  the  NATO  alliance  is  generally 

accepted  and,  therefore,  they  must  be  given  the  best  equipment  possible  if  they  are  to  do  the  job  well. 

The  aim  of  a  weapon  system  design  organisation  is  to  produce  weapon  systems  which  will  deliver  the 
weapon  warhead  to  the  target  as  accurately,  efficiently,  reliably  and  cheaply  as  possible.  Often  in  the 

past  the  aircraft  was  built  as  a  sleek  high  speed  flying  machine  and  the  weapons  and  aiming  systems  added 

on  as  an  afterthought.  The  modern  weapon  system  concept  involves  early  integration  of  all  elements  of  the 
weapon  system,  including  aircraft,  crew,  avionics  and  weapons.  This  is  more  necessary  nowadays,  because 
of  the  increasing  cost  and  complexity  of  weapon  systems. 

The  two  main  offensive  roles  of  military  aircraft  are  air  attack  and  ground  attack,  ie  the  engagement 
of  airborne  and  ground  Cor  maritime)  targets  respectively.  A  modern  trend  in  military  aircraft  design  is 
to  have  a  capability  in  both  areas  (multi  role),  but  most  specialise  in  one.  The  British  Aerospace 
Lightning  was  initially  designed  to  intercept  high  altitude  bombers  threatening  th«  UK,  but  later  it  was 
given  a  ground  attack  capability.  The  current  versions  of  Jaguar  and  Tornado  (IDS)  are  primarily  ground 
attack  aircraft  but  both  have  an  air  combat  capability  also.  The  air  defence  variant  (ADV)  of  Tornado  has 
switched  the  major  role  to  air  attack  by  the  installation  of  new  avionics  and  weapons. 

WEAPON  SYSTEMS  ANALYSIS  -  MATHEMATICAL  MODELLING 

Modern  weapon  systems  are  continually  increasing  in  complexity  and  performance  and  need  detailed 
assessment  to  define  their  capabilities  and  limitations  and  to  assess  the  benefits  of  any  modifications. 

In  the  old  days  guns  were  the  main  armament  in  air  combat,  speeds  were  slow  and  the  fighter  was  in  close 
visual  contact  with  the  target  throughout  the  attack.  Modem  supersonic  interceptors  using  AI  radars  and 
air-to-air  missiles  can  attack  supersonic  targets  head-on.  This  Involves  closing  speeds  of  2000  mph  and 
the  target  may  be  destroyed  without  the  fighter  pilot  ever  seeing  it.  The  rapid  advances  in  computer 
technology  during  the  last  two  decades  have  provided  the  facility  for  detailed  evaluation  of  such  weapon 
systems. 

One  of  the  main  tools  used  in  weapon  systems  analysis  ie  the  mathematical  model,  ie  a  complete  digital 
simulation  of  the  aircraft  weapon  system  for  running  on  a  digital  computer.  The  advantages  and  potential 
of  such  modelling  work  have  become  increasingly  apparent  now  that  reliable  and  powerful  computers  are  avail¬ 
able.  There  are  many  different  levels  of  modelling,  from  individual  pieces  of  equipmerflfcn  one  aircraft 
through  to  a  full  model  of  the  whole  of  a  battle  sequence  containing  many  aircraft  and. other  forces.  Most 
of  the  modelling  discussed  in  this  paper  concerns  the  operation  of  a  particular  airAfcft  attacking  particular 
targets. 

Several  aircraft  weapon  system  models  have  been  developed  by  British  AeroSMce  at  Warton,  including 
both  air  attack  and  ground  attack  models.  These  models  simulate  the  aircraft  ana  weapon  dynamics  and 
include  the  pilot  and  avionics  representation.  Using  the  models  it  is  possible  to  "fly"  many  different 
types  of  attack  and  so  assess  the  weapon  system  capability.  A  simplified  block  diagram  of  a  model  is  shown 
in  Figure  1,  where  it  can  be  seen  that  aerodynamic  data  (lift,  drag)  and  engine  data  (thrust,  fuel  flow)  are 
used  in  the  equations  of  motion  to  produce  aircraft  and  weapon  trajectories,  ie  time  histories  of  position, 
velocity,  acceleration  and  attitude.  The  pilot  block  controls  the  aircraft  flight  path  by  applying  bank 
angle  and  g  and  throttle  according  to  the  particular  requirements  at  the  time.  All  of  the  relevant 
aerodynamic,  structural  and  pilot  limitations  are  respected.  The  targets  are  represented  and  the  full 
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attack  geometry  is  computed  and  used  to  simulate  the  displays  seen  by  the  crew.  In  the  tracking  phase  of 
an  attack  the  pilot  will  be  applying  control  demands  to  reduce  the  errors  on  his  weapon  aiming  display. 

USE  CT  MODELS 

Mathematical  models  enable  the  design  engineer  to  examine  the  performance  of  a  weapon  system  and  so 
obtain  a  better  undertstanding  of  its  capability,  Bie  information  provided  by  the  models  can  be  used  for 
many  purposes,  depending  on  the  type  of  weapon  system  and  the  stage  in  its  design  or  development. 

Some  of  the  main  areas  of  modelling  activity  ares- 

.  Early  project  work  to  assess  and  refine  design  concepts. 

.  Prediction  of  overall  weapon  system  performance  and  limitations. 

.  Development  of  optimum  attack  techiques  to  achieve  maximum  effectiveness. 

.  Provision  of  detailed  attack  profiles  for  use  in  flight  trials  and  ground  tests. 

.  Driving  of  ground  rigs  (dynamic  testing)  and  flight  simulators. 

.  Analysis  of  test  results. 

.  Definition  of  software  requirements  for  airborne  computers. 

.  Evaluation  of  new  requirements  and  modifications  (eg  new  weapons,  sensors,  aiming  systems, 

attack  manoeuvres). 

.  Provision  of  tactical/operational  data  to  the  user. 

The  use  of  models  is  particularly  attractive,  because  of  the  small  cost  of  a  'flight'  on  the  computer 
(£10)  compared  with  an  actual  flight  trial  (£10,000).  Many  modern  weapon  systems  are  designed  to  be  used 
in  a  wide  variety  of  threat  situations  and  can  deal  with  the  threat  in  many  different  ways.  It  is  much 
cheaper  and  quicker  to  "fly"  a  large  number  of  attacks  on  the  computer  in  order  to  assess  the  optimum 
methods  of  attack,  which  can  then  be  tested  in  flight  trials. 

One  of  the  essential  items  in  any  modelling  programme  is  model  'matching'  or  validation.  This  is  done 
by  comparing  model  predictions  with  what  actually  happens  when  the  real  system  hardware  is  tested  on  the 
ground  or  in  flight.  If  necessary,  appropriate  changes  can  be  made  to  the  model  to  'match'  it  to  the  real 
system,  ie  make  it  represent  the  real  system  more  accurately.  If,  however,  a  malfunction  has  occurred 
during  the  test,  then  the  model  can  be  made  to  'malfunction'  in  the  same  way  and  this  affords  a  very  useful 
facility  for  investigation  and  correction  of  the  real  system;  clearly  such  malfunction  modifications  to 
the  model  are  not  part  of  the  'matching'  process,  in  that  they  are  not  retained. 

AH)  ATTACK 

The  air  attack  role  is  concerned  with  the  destruction  of  enemy  aircraft.  These  airborne  targets  have 
a  number  of  characteristics  which  strongly  influence  the  design  of  an  air  attack  weapon  system  and  hence 
the  nature  of  the  computer  modelling  work.  Some  of  the  main  characteristics  of  airborne  targets  are 
discussed  below,  and  their  influence  on  air, attack  requirements  is  shown  in  Figure  2. 

.  Target  size 

Compared  with  most  ground  targets,  airborne  targets  are  very  small  and  one  of  the  principal  requirements 
in  an  air  attack  weapon  system  is  the  ability  to  detect  targets.  This  places  emphasis  on  good 
visibility  from  the  cockpit  and  the  need  for  airborne  intercept  (AI)  radar. 

.  Target  speed  and  manoeuvrability 

Most  modern  aircraft  have  transonic  or  supersonic  speed  capability  and  a  good  level  of  manoeuvrability. 
In  order  to  destroy  such  targets  it  is  essential  for  the  aircraft  and/or  the  weapon  to  have  good  speed 
and  manoeuvre  performance.  With  unguided  air-to-air  weapons,  eg  guns,  the  aircraft  alone  has  to  have 
sufficient  speed  to  catch  the  target  and  sufficient  turn  capability  to  bring  the  guns  to  bear  on  it. 

With  air-to-air  guided  missiles,  some  of  these  demands  on  the  aircraft  are  taken  over  by  the  missile, 
but  the  attack  aircraft  must  still  have  sufficient  performance  to  get  into  a  missile  firing  position 
or  to  evade  the  enemy  when  necessary. 

.  Target  vulnerability 

In  general  airborne  targets  are  relatively  'soft',  such  that  small  warheads  when  delivered  with 
sufficient  accuracy  will  inflict  the  necessary  damage.  A  30mm  cannon  shell  typically  weighs  about 
i  lb  and  contains  about  ij  oz  of  high  explosive.  A  direct  hit  is  essential.  An  air-to-air  missile 
warhead,  usually  fragmentation  or  continuous  rod  type,  typically  weighs  about  50  lbs.  In  addition 
to  contact  fuses,  the  missile  is  usually  proximity  fused  and  with  a  lethal  radius  of  about  30  feet  it 
can  take  out  any  small  miss  distance  as  the  missile  passes  the  target. 

The  above  three  target  characteristics  are  reflected  in  the  weapon  system  modelling  work  which  examines 
target  detection  and  evaluation,  target  tracking,  steering  courses  towards  the  target,  weapon  aiming,  weapon 
firing,  weapon  performance,  and  hit  probability  or  miss  distance.  Air  attack  may  be  subdivided  into  two 
main  categories,  interception  and  close  combat. 


27-3 


Interception 

Interception  is  primarily  a  defensive  task,  as  the  name  suggests,  the  object  being  to  detect  enemy 
aircraft  and  to  intercept  and  destroy  them  before  they  inflict  any  damage  on  friendly  positions.  It  is 
essential  that  such  interceptor  defences  are  highly  organised  if  they  are  to  achieve  the  rapid  response  and 
accurate  interception  demanded  in  many  cases. 

A  typical  air  defence  scenario  is  shown  in  Figure  3.  Hie  defending  aircraft  will  normally  operate  under 
close  ground  control, but  under  degraded  circumstances  may  operate  autonomously.  They  may  operate  from  base, 
using  quick  reaction  alert  (QBA),  or  fly  combat  air  patrol  CAP  to  give  a  more  rapid  response  to  an  incoming 
threat.  They  may  be  supported  by  air  refuelling  tankers  and  airborne  early  warning  aircraft  (AEW)  as  well 
as  surface  forces  such  as  ships.  They  will  be  called  upon  to  engage  a  wide  variety  of  targets  who  can  be 
expected  to  employ  defensive  manoeuvres  and  HEM,  if  not  active  aggressive  retaliation. 

The  main  battle  scenario  variables  could  include  such  parameters  as: 


number  of  targets 

type  of  target 

raid  disposition 

target  behaviour 

number  of  defending  aircraft 

defending  bases 

warning  range 

environment 


single,  multiple 
slow/fast,  high/low 
width,  depth,  track 
fly  straight,  turn 
single,  multiple 
single,  multiple 
short,  medium,  long 
clear,  jamming 


The  attack  features  used  by  the  defending  aircraft  might  include: 
level,  climb,  dive 
front,  rear 

cruise,  dash,  energy  manoeuvre 
collision,  pursuit 


MRAAM,  SRAAM,  gun 


.  radar  CW,  pulse,  visual 

.  track-while-scan,  lock-on,  kinematic  ranging 

Even  with  only  a  few  different  values  of  each  variable  one  quickly  reaches  many  thousands  of  attack 
situations.  For  each  of  these  situations  the  attack  can  be  carried  out  in  many  different  ways.  With  such 
scope  to  its  operations,  careful  consideration  has  to  be  given  to  the  way  in  which  the  weapon  system 
performance  is  to  be  predicted  and  demonstrated.  It  is  here  that  mathematical  modelling  can  be  used,  being 
fast  and  relatively  cheap. 

The  best  method  of  attacking  any  given  threat  is  not  obvious  and  in  order  to  use  the  weapon  system  to 
maximum  effect  a  detailed  evaluation  of  its  performance  iB  necessary.  In  Figure  4  is  shown  a  hypothetical 
multiple  target  attack.  By  running  several  attacks  on  the  model,  the  optimum  way  of  killing  the  four  targets 
can  be  assessed.  In  addition,  the  model  run  affords  full  time  histories  of  key  parameters  such  as  target 
range  and  closing  rate,  sightline  angles  and  angle  rates,  aircraft  acceleration,  speed,  height,  attitude. 

It  is,  therefore,  possible  to  examine  in  detail  the  performance  of  any  element  of  the  weapon  system  through¬ 
out  this  attack  profile.  By  co-ordinating  the  modelling  activity  of  the  main  contractor  and  the  major 
subcontractors  (eg  radar,  missile)  a  full  suite  of  models  can  be  applied  to  the  task.  Having  agreed  the 
most  likely  threat  situations  and  assessed  the  optimum  method  of  attack,  the  attack  profiles  can  then  form 
a  co-ordinated  basis  for  weapon  system  assessment,  development  and  test. 

In  Figure  5  are  illustrated  some  modelling  results  used  in  the  optimisation  of  nose  radome  shape.  Here 
the  two  primary  considerations  were  aircraft  aerodynamic  performance  and  radar  performance.  As  both  are 
very  important  in  achieving  overall  aircraft  effectiveness,  the  beet  method  of  determining  the  optimum 
solution  is  to  examine  their  effects  on  the  attack  profiles.  The  radar  performance  can  be  studied  for  the 
complete  attack  profile,  which  defines  aircraft  speed,  height,  attitude,  sightline  angles  range,  range  rate 
etc.,  to  see  whether  any  adverse  clutter  or  detection  problems  occur.  The  effect  of  radome  shape  on 
aircraft  acceleration,  maximum  speed,  manoeuvrability  or  fuel  consumption  can  be  assessed  on  an  aircraft 
performance  model.  The  final  solution  will  maximise  the  combined  aerodynamic  and  radar  performance. 

Another  example  of  computer  modelling,  this  time  to  optimise  aircraft  and  missile  performance,  is 
illustrated  in  Figure  6.  When  attacking  very  high  altitude  targets  the  interceptor  may  have  to  zoom  above 
its  sustained  flight  domain.  The  optimum  point  to  launch  the  missile  to  achieve  maximum  success  can  be 
determined  by  computer  runs  on  the  aircraft  and  missile  models.  Unlike  aircraft,  missiles  cannot  be  used 
again  and  again,  so  that  the  prediction  of  missile  performance  is  very  strongly  based  on  computer  modelling, 
suitably  validated  by  a  limited  number  of  firing  trials.  A  set  of  runs  on  the  missile  mathematical  model 
will  define  a  particular  launch  success  zone,  examples  of  which  are  shown  in  Figure  7.  These  launch 
success  zones  show  areas  from  which  the  missile  may  be  successfully  fired  against  the  specified  target. 
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The  major  boundary  limitations  and  the  effects  of  target  manoeuvre  can  also  be  determined. 

The  results  of  the  aircraft  and  missile  modelling  work  may  feed  directly  into  the  airborne  software, 
ie  into  the  programs  used  by  the  aircraft  computers.  Such  things  as  missile  launch  indication,  aircraft 
performance  data,  optimum  steering  direction,  weapon  aiming  can  be  computed  and  displayed  to  the  crew. 

These  have  usually  taken  the  form  of  data  or  algorithms,  but  the  increasing  power  of  airborne  computers 
is  now  making  it  possible  to  run  'models'  in  the  airborne  software. 

Close  combat 

Unlike  the  highly  organised  interception  discussed  earlier,  close  combat  very  often  results  from 
chance  encounter  between  aircraft  of  opposing  forces.  They  may  both  be  air  superiority  (fighter)  aircraft 
or  one  a  ground  attack  intruder  or  perhaps  on  occasions  both  ground  attack  aircraft.  In  general  the 
fighter  aircraft  will  be  seeking  to  engage  the  enemy,  whereas  the  ground  attack  aircraft  will  have  a  main 
mission  to  attack  ground  targets  and  would  not  normally  seek  to  engage  in  air  combat.  As  mentioned  earlier, 
many  modern  aircraft  have  a  multi-role  capability,  such  that  ground  attack  aircraft  have  significant 
performance  and  manoeuvre  levels  and  are  usually  fitted  with  short  range  air  combat  weapons  for  self  defence. 
Close  combat  differs  from  interception  in  that  it  is  a  close  range,  highly  manoeuvring  environment,  usually 
subsonic,  in  which  both  aircraft  may  be  using  aggressive  tactics.  The  three  main  factors  which  influence 
the  outcome  of  a  particular  close  combat  are: 

.  aircraft  characteristics 

.  weapon  characteristics 

.  tactics 

A  deficiency  in  any  one  of  these  three  can  seriously  affect  the  combat  performance  of  the  total.  The 
'right'  characteristics  for  a  close  combat  aircraft  are  the  subject  of  considerable  debate and  combat 
modelling  is  giving  a  deeper  insight  into  the  significance  of  such  parameters  as  thrust/weight  ratio,  wing 
loading,  maximum  speed,  maximum  g  etc.  The  combat  model  simulates  on  a  computer  the  combat  between  two 
aircraft  and  is  of  particular  use  in  the  early  project  phase  where  there  is  a  need  to  translate  a  particular 
aircraft  parameter  change  into  effectiveness  terms.  Combat  models  used  to  drive  simulators  and  rigs  are 
currently  yielding  much  new  information  on  weapon  system  design  and  optimisation.  By  having  men  in  the  loop, 
a  more  realistic  assessment  of  tactics  and  weapon  system  performance  is  possible.  A  typical  close  combat 
engagement  is  shown  in  Figure  8,  where  after  a  couple  of  initial  'scissors'  manoeuvres  the  two  aircraft 
get  locked  into  a  series  of  head-on  passes. 

GROUND  ATTACK 

This  second  major  role  of  military  aircraft  weapon  systems  is  concerned  with  the  attack  and  destruction 
of  ground  or  maritime  targets.  These  targets  are  usually  stationary  or  move  at  very  slow  speed  compared 
with  aircraft  speed.  Target  types  vary  over  a  wide  spectrum  from  relatively  *Boft'  (eg  troop  concentrations, 
parked  aircraft)  to  much  harder  targets  (eg  armoured  vehicles,  building,  bridges,  runways).  Target  size 
also  varies  from  small  point  targets  (eg  a  tank)  to  large  targets  (eg  an  airfield).  Because  of  the  variety 
of  possible  ground  targets,  several  different  types  of  weapon  have  been  developed  to  destroy  them  and 
several  attack  manoeuvres  are  used  to  deliver  these  weapons.  In  general  much  bigger  warheads  are  required 
to  destroy  ground  targets  and  they  must  be  accurately  delivered  in  order  to  achieve  their  maximum  effect. 

Many  ground  targets  will  be  defended,  some  very  well  defended,  so  weapons  have  been  developed  which  can  be 
delivered  onto  the  target  without  exposing  the  attacking  aircraft  to  enemy  retaliation.  Computer  modelling 
of  the  ground  attack  weapon  systems  is  used  to  investigate  the  optimum  delivery  techniques  for  this  variety 
of  weapons  and  targets  taking  due  account  of  accuracy  and  safety. 

Dive  Attacks 

When  anti  aircraft  defences  were  less  effective,  level  attacks  from  medium  altitude  were  widely  used. 
However,  the  considerable  improvement  in  ground  and  ship  defences  in  more  recent  times  have  led  to  the 
adoption  of  low  level  penetration  tactics  by  modern  ground  attack  aircraft;  at  low  level  the  ground  attack 
aircraft  has  less  chance  of  being  detected  and  is  more  difficult  to  shoot  down.  However,  low  level  attacks 
expose  the  attacking  aircraft  to  new  hazards,  namely  being  damaged  by  its  own  weapons  and  colliding  with  the 
ground.  These  hazards  are  illustrated  in  Figure  9  where  it  can  be  seen  that  risk  from  bomb  fragments  is  the 
limiting  factor  for  lower  dive  angles  and  risk  of  ground  collision  is  limiting  at  higher  dive  angles.  In 
general  the  pilot  will  wish  to  get  as  close  to  the  target  as  possible  before  releasing  the  weapon  to  achieve 
maximum  accuracy.  Computer  modelling  of  the  aircraft  trajectory,  bomb  trajectory,  and  fragmentation  pattern 
enables  the  minimum  safe  release  condition  to  be  determined.  This  will  of  course  vary  with  speed,  dive 
angle,  pull  out  g  etc.  This  minimum  release  condition  can  be  programmed  into  the  software  and  displayed  to 
the  crew  as  part  of  the  aiming  picture. 

Dive  attacks  with  guns  place  particular  emphasis  on  getting  as  close  to  the  target  as  possible  in  order 
to  achieve  the  required  number  of  hits.  Explosive  shells  may  be  used,  but  they  do  not  present  a  significant 
fragment  risk,  although  ricochet  may  occur.  The  main  limiting  factor  is  ground  avoidance,  and  by  modelling 
the  pullout  behaviour  of  the  aircraft  and  the  shell  ballistic  trajectory,  a  plot  of  minimum  firing  range  can 
be  produced  as  shown  in  Figure  10.  This  shows  that  minimum  firing  range  occurs  at  shallow  dive  angles. 

Level  Attacks 

Similar  studies  can  be  carried  out  for  retarded  bomb  delivery,  which  is  usually  done  straight  and  level 
at  extremely  low  altitude.  The  retarder  on  the  bomb  causes  it  to  rapidly  fall  behind  the  delivery  aircraft 
after  release,  so  that  a  safe  separation  distance  exists  when  the  bomb  explodes.  Modelling  studies  enable 
the  minimum  safe  release  heights  to  be  determined  as  shown  in  Figure  11. 
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Loft  Attacks 

A  typical  loft  attack  is  shown  in  Figure  12.  The  aircraft  pulls  up  from  a  high  speed  low  level  entry 
to  release  the  bomb  in  the  climb  and  then  rapidly  returns  to  low  level  so  as  to  avoid  enemy  defences.  The 
main  use  of  the  loft  attack  is  to  achieve  stand  off  range  from  the  target.  By  computer  modelling  of  the 
aircraft  and  bomb  trajectories,  plots  can  be  produced  as  shown  in  Figure  13,  which  is  a  typical  plot  of 
pullup  range  from  bomb  impact  as  a  function  of  release  angle.  AeQexpected  maximum  range  occurs  around  45° 
release  angle,  but  it  is  not  possible  to  design  for  release  at  45  ,  because  variations  in  aircraft  weight 
and  performance,  pilot  execution  of  the  manoeuvre  and  the  weather  will  vary  the  maximum  forward  throw  of 
the  bomb  and  could  preclude  release.  Computer  modelling  analysis  of  these  effects  enable  the  optimum 
release  angles  to  be  defined  which  will  accommodate  the  likely  variations  in  attack  parameters.  Typically 
300  and  60°  are  suitable  low  loft  and  high  loft  release  angles  and  they  still  give  80$  of  the  maximum 
forward  throw. 

Guided  Weapons 

An  increasing  number  of  guided  air-to-ground  weapons  are  being  developed  and  these,  like  the  air-to- 
air  missiles,  require  detailed  modelling  to  predict  their  performance  capability.  They  are  clearly  more 
complex,  and,  therefore,  more  expensive  than  bombs,  and  the  justification  for  the  expenditure  is  their 
ability  to  provide  long  stand-off  range  and  high  accuracy.  Into  this  category  of  weapons  come  electro- 
optically  guided  bombs,  air  to  surface  missiles,  anti  ship  missiles  etc.  Modelling  can  determine  how 
tolerant  the  missiles  are  in  their  requirement  for  accurate  target  information  at  release,  what  their 
maximum  and  minimum  firing  ranges  are,  how  they  deal  with  target  motion  etc. 

CONCLUDING  REMARKS 

a 

In  addition  to  the  aircraft  and  weapon  modelling  discussed  so  far,  there  are  other  related  areas  of 
computer  modelling  to  study  system  performance.  One  is  the  detailed  modelling  of  weapon  separation  from 
the  aircraft,  which  involves  a  definition  of  the  airflow  around  and  close  to  the  aircraft.  The  effects  of 
these  local  flows  on  the  weapon  behaviour  as  it  leaves  the  aircraft  can  have  a  critical  effect  on  the 
weapon's  success.  A  full  understanding  of  this  phase  of  the  weapon  trajectory  enables  the  system  to  be 
optimised  to  give  maximum  capability.  Computer  programs  are  also  used  to  assess  system  accuracy,  based  on 
specified  tolerances  on  equipment  performance.  This  is  done  by  modelling  the  effect  of  tolerances  on 
performance.  Another  area  is  the  assessment  of  gun  lethality  based  on  the  main  parameters:  target  size, 
firing  range,  muzzle  velocity,  rate  of  fire,  shell  lethality,  shell  ballistics,  calibre,  aiming  accuracy. 
This  is  particularly  useful  in  comparing  different  gun  installations. 

The  use  of  computers  in  the  design  process  is  growing  daily  and  will  continue  to  do  so  in  the 
foreseeable  future.  Computer  models,  particularly  when  linked  to  general  purpose  hardware  facilities 
(controls,  displays),  will  improve  in  their  representation  of  real  life  and  eventually  enable  a  full 
definitive  system  to  be  designed  and  "proved"  on  the  ground  before  deciding  on  the  particular  hardware 
solution  to  be  implemented. 
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Simplified  Aircraft  Weapon  System  Model 
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SHIWAIIT 

This  paper  describes  the  formulation  and  performance  of  a  computerised 
opponent  used  at  British  Aerospace,  Wart on  Division,  for  air  combat  simula¬ 
tion.  Over  a  period  of  seven  years  BACTAC  has  progressed  from  its  initial 
state  as  a  digital  computer  model  of  close  coabat  without  the  man  in  the 
loop,  to  a  versatile  and  tenacious  interactive  opponent  for  use  in  a  single¬ 
dome,  piloted,  air  combat  simulator. 

The  process  of  matching  the  mathematical  model  against  fighter  pilots 
in  the  simulator  is  described,  together  with  an  account  of  the  learning  which 
took  place  on  both  sides  of  the  fight,  and  adjustment  of  tactics  to  the 
radically  different  performance  of  a  new  generation  of  aircraft  and  missiles. 

It  is  only  in  the  combat  simulator  that  fighter  pilots  and  designers 
can  investigate  future  generations  of  fighter  aircraft.  In  this  environment 
BACTAC  is  proving  its  value  to  scientific  research  as  a  combat-worthy 
adversary,  capable  of  exploiting  the  higher  levels  of  performance  and  pro¬ 
viding  a  known  datum  against  which  to  rank  pilots,  competing  aircraft  and 
their  weapon  systems. 


BACTAC 

The  BAC  mathematical  model  of  Tactical  Air  Combat  (BACTAC)  was  written  in  1970-71  to  assist  in  the 
systematic  examination  of  all  stages  of  one-on-one  combat  (Figure  1):- 

.  long  range  interception 
.  1st  pass  attack 
.  penetration,  pursuit  and  evasion 
.  dog-fight 
.  break-off  and  escape 

The  tactical  rules  have  their  origin  in  pilot  training  manual w  and  prolonged  discussion  (and 
argument)  between  fighter  pilots. 

The  opportunity  to  include  the  pilot  in  the  loop  emerged  several  years  later  when  the  computer  model 
was  already  considerably  developed  and  in  daily  use  to  support  operational  analysis  of  aircraft  and  their 
weapon  systems  at  Warton. 

When  the  single-dome  simulator  was  built  in  1975  it  was  clear  that  considerable  cost  saving  could  be 
achieved  by  using  one  half  of  BACTAC  as  the  combat  opponent. 

The  task  then  was  to  adapt  and  develop  the  mathematical  model  to  provide  interactive,  realistic  and 
competitive  combat  against  the  pilot. 

COMBAT  STSHM 

Let  us  examine  in  some  detail  the  ingredients  of  a  one-on-one  combat  system  (Figures  2  A  3).  It 
consists  of  the  following  basic  elements :- 

(a)  A  line  of  sight  linking  the  two  aircraft  in  space  which  provides  most  of  the  information 
available  to  each  pilot  about  his  opponent,  e.g.  position,  speed,  orientation,  manoeuvre 
and  weapon  state. 

(b)  Tactical  rules  against  which  the  pilot  compares  his  view  of  the  fight  in  order  to  decide 
his  best  manoeuvre. 

(c)  Control  inputs  by  which  the  pilot  attempts  to  make  the  aircraft  fly  his  chosen  manoeuvre. 

(d)  The  performance  of  the  aircraft  is  limited  by  aerodynamic  lift  and  drag,  the  thrust  of 
its  engines  and  the  structural  'g'  limits  to  which  it  is  designed.  (Figure  A). 

(e)  Manoeuvres  must  also  be  within  the  pilot's  own  physiological  ability  to  withstand 
prolonged  'g'. 

(f)  The  aircraft  then  responds  to  these  competing  forces  to  produce  its  flight  path  through 
the  gravitational  field  and  air  mass  of  the  combat  arena. 

(g)  The  weapon  system  is  also  an  integral  but  intermittent  part  of  the  combat  system, 
operating  only  when  the  pilot  succeeds  in  manoeuvring  his  aircraft  into  a  firing  position. 
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The  opponent  aircraft  constitutes  a  'nirror  image'  of  this  system.  As  the  two  aircraft  nan oeuvre  in 
space  the  line  of  sight  continually  changes,  and  so  the  systea  loop  of  tactical  appraisal,  decision, 
aanoeuvre  denand  and  aircraft  response  starts  again. 

TACTICAL  DECISION  PROCESS 

She  pilot's  tactical  decisions  are  governed  by  an  overall  philosophy  which  gives  highest  priority  to 
survival.  His  objectives  can  be  listed  in  the  following  order 

(i)  stay  alive 

(ii)  prevent  the  opponent  achieving  a  threat  position 

(iii)  achieve  an  offensive  position  behind  the  enemy 

(iv)  kill  him. 

In  line  with  this  philosophy  the  pilot  continuously  re-assesses  his  view  of  the  fight  (Figure  5). 

This  process  has  been  mechanised  within  BACTAC  by  collecting  together  in  an  ordered  fashion  a  set  of  vital 
questions,  as  shown  in  Figure  6.  In  effect  these  questions  partition  the  state  space  surrounding  the 
BACTAC  aircraft  by  determining  whether  the  enemy  is:~ 

.  ahead  or  behind 
.  pointing  towards  or  sway 
.  at  what  range 
.  closing  or  opening  range 

If  the  answers  to  these  questions  indicate  that  the  enemy  is  behind,  pointing  at  the  BACTAC  aircraft 
and  within  weapon  range,  then  a  highly  dangerous  situation  exists.  BACTAC  must  perform  a  last  ditch 
manoeuvre,  such  as  a  max-rate  break,  in  order  to  survive. 

If,  however,  the  roles  are  reversed  and  the  BACTAC  aircraft  is  behind  the  enemy  then  the  priority  is 
to  attack  and  fire  at  him. 

Between  these  two  extremes  a  gradation  of  defensive,  neutral  and  offensive  positions  exists  in  which 
less  extreme  manoeuvres  of  an  energy-conserving  nature  can  be  performed.  These  include  loops,  barrel  rolls, 
wing-overs  and  stall  turns  «n  of  which  involve  the  interchange  of  potential  and  kinetic  energy. 

A  sample  view  of  a  combat  between  two  agile  aircraft  flown  by  the  computer  model  is  shown  in  Figure  7. 
An  attempted  evasive  penetration  run  is  shown  in  Figure  8. 

THE  COMBAT  SIMULATOR 

Many  combat  simulators  have  been  constructed  in  the  present  decade,  both  in  the  US  and  in  Europe. 

They  usually  consist  of  two  aircraft  cockpits  each  surrounded  by  a  large  diameter  sphere  containing 
equipment  for  projecting  an  image  of  the  opposing  aircraft,  the  ground  and  the  sky  on  the  inner  surface  of 
the  dome.  At  least  one  three-dome  simulator  exists  (at  McDonnell  Douglas)  for  investigation  of  two-on-one 
combat.  The  Uarton  simulator  is  almost  unique  in  having  only  one  dome  (Figure  9).  The  pilot,  therefore, 
fights  against  an  opponent  whose  logic  is  generated  entirely  within  a  computer  using  one  half  of  the 
BACTAC  model.  The  computer  opponent  is  fed  continuously  with  line  of  sight  information  about  the  manned 
aircraft  and  the  correct  image  of  the  BACTAC  aircraft  is  displayed  to  the  pilot  on  the  surface  of  the  dome 
as  they  manoeuvre  against  each  other  in  combat.  Both  aircraft  are  driven  through  similar  control, 
performance  and  response  calculations  so  that  neither  pilot  nor  BACTAC  has  any  computational  advantage. 

DEVELOPMENT  OF  COMPUTER  OPPONENT 

From  the  outset  it  was  clear  that  pilots  regarded  it  as  a  point  of  honour  not  to  be  beaten  by  the 
computer  opponent.  BACTAC  was  recognised  as  a  tenacious  opponent  which  never  gave  up,  and  would  exploit 
tb'ir  slightest  mistakes  without  mercy.  But  it  was  not  infallible. 

The  first  hole  which  pilots  found  in  the  computer  logic  was  in  its  turn-reversal  logic.  They  were 
able  to  force  the  BACTAC  aircraft  to  change  its  direction  of  turn  when  defending,  which  gave  them  an  easy 
shot.  The  second  flaw  was  its  limited  use  of  vertical  manoeuvres.  By  zooming  upwards  in  the  opening 
manoeuvres  the  pilot  could  eventually  dominate  the  fight  from  above.  Then  diving  down  on  top  of  BACTAC 
(Figure  10)  the  pilot  could  change  his  plane  of  manoeuvre  very  easily  by  rolling  whilst  in  a  vertical 
attitude  to  emerge  in  a  firing  position  behind  the  BACTAC  aircraft. 

Both  of  these  faults  were  soon  rectified  in  the  tactical  logic,  and  with  pilot  and  BACTAC  both  using 
vertical  manoeuvres  to  a  similar  extent  the  fights  reverted  to  stalemate. 

The  introduction  of  very  high  performance  aircraft  into  the  arena  revealed  a  new  and  interesting 
phenomenon  which  has  been  nick-named  the  'black-hole'.  Pilots  entering  combat  at  high  speeds  could  not 
tolerate  the  'g'  level  which  their  aircraft  were  now  able  to  deliver.  To  represent  pilot  black-out  the 
illumination  in  the  simulator  is  progressively  reduced  until  eventually  the  pilot  is  left  in  darkness. 

If  he  chooses  to  pull  continuously  on  the  edge  of  black-out  using  full  throttle,  these  aircraft  have  an 
excess  of  power  over  drag  (Figure  11)  and  will  accelerate, moving  along  the  boundary  BCD  on  the  agility 
plot.  The  consequence  of  this  increased  speed  however,  is  to  reduce  the  angular  rate  of  turn  of  the 
aircraft,  whilst  greatly  increasing  the  turn  radius.  However,  BACTAC  had  been  programmed  to  seek  a  desired 
fighting  speed  (corner  point  speed  A  on  the  agility  plot)  and  would  throttlebaok  briefly  in  order  to 
decelerate  to  this  speed.  In  so  doing  the  angular  turn  rate  of  the  BACTAC  aircraft  was  maximised  and  pilots 
suffered  many  defeats  until  they  leaned  to  do  likewise.  The  doctrine  of  using  maximum  power  to  increase 
energy,  especially  in  the  opening  manoeuvres  of  combat,  is  firmly  implanted  in  the  minds  of  present  day 


fighter  pilots  and  they  are  extremely  reluctant  to  adopt  a  fundamentally  different  piloting  technique, 
This  is  still  the  first  traumatic  lesson  which  visiting  pilots  to  the  Warton  simulator  have  to  learn. 


However,  those  pilots  who  made  the  change  and  throttled  back  long  enough  to  achieve  the  correct 
fighting  speed  eventually  discovered  they  could  tip  the  balance  yet  again  by  exploiting  the  'wind-up  turn' 
to  gain  an  early  shot  (Figure  12).  This  consists  of  pulling  'g'  right  up  to  the  attainable  limit  (A  on 
the  agility  plot)  in  order  to  achieve  a  very  high  transient  turn  rate.  The  consequence  of  this  manoeuvre 
is  a  rapid  loss  of  speed  as  the  aircraft  tracks  down  the  lift  limited  boundary  AE  of  the  agility  plot. 

The  only  defence  against  such  an  attack  is  a  similar  wind-up  turn. 

And  so  the  pendulum  of  success  has  swung  from  pilot  to  BACTAC  and  back  to  pilot  severed,  times  as  both 
sides  learned  new  tactics  and  adjusted  to  the  performance  of  the  new  generation  of  aircraft. 

Perhaps  the  most  frequent  mistake  of  pilots  who  are  unfamiliar  with  such  aircraft  is  their  belief  that 
they  can  still  fight  'fast-and-loose',  or  'hit-and-run*,  nils  is  a  technique  much  favoured  by  Phantom  and 
Lightning  pilots,  of  accelerating  into  combat  at  transonic  Speeds  for  a  fast  slashing  attack  (Figure  13), 
followed  immediately  by  a  dash  out  of  the  combat  arena.  With  the  new  agility  of  opponent  aircraft  and 
their  weapons,  this  has  become  a  hazardous  procedure.  Firstly,  the  escaping  attacker  himself  becomes  the 
target  for  a  snap  shot,  as  the  defender  (or  his  wing-man)  now  has  sufficient  agility  to  turn  and  shoot 
before  the  hit-and-run  aircraft  can  escape  beyond  missile  range.  Secondly,  if  the  escaping  pilot  wishes 
to  turn  back  into  the  fight  it  is  unlikely  he  can  open  the  range  from  his  pursuers  sufficiently  to  execute 
this  turn  safely  without  again  being  shot  at. 

We  may,  therefore,  be  approaching  a  time  when  'hit-and-run'  or  'slashing'  attacks  are  no  longer  a  safe 
and  viable  mode  of  attack. 

PILOT  FIGHTS  COMPUTER 

From  time  to  time  BACTAC  is  cheeked  out  in  combat  against  the  pilot  by  a  validation  experiment,  to 
ensure  as  nearly  as  possible  an  equal  fight  with  equal  aircraft  and  weapons  on  both  sides.  In  one  such 
experiment  seven  highly  skilled  combat  and  test  pilots  participated,  an  account  of  which  follows.  It  is 
believed  there  has  been  only  one  previous  successful  pilot-versus-computer  experiment,  that  conducted  in 
the  NASA  Dual  Manoeuvring  Simulator  (Reference  1). 

The  Warton  experiment  was  conducted  in  three  phases,  as  follows:- 


Phase 

BACTAC 

Piloted 

Aircraft 

Aircraft 

1 

A 

A 

2 

A 

B 

3 

B 

A 

The  aircraft  simulated  were  agile  light-weight  fighters  such  as  might  appear  in  the  1990's.  Aircraft 
B  was  significantly  more  agile  than  Aircraft  A.  Each  carried  short  range  dog-fighting  missiles.  Engage¬ 
ments  started  from  neutral  head-on  positions  at  0.8H/l4000'  and  lasted  for  three  minutes.  The  seven  pilots 
each  flew  at  least  three  practice  fights  before  each  phase  of  the  experiment,  followed  by  between  three  and 
five  scored  engagements.  The  results  are  presented  in  Figure  13. 

Phase  1 

With  both  sides  flying  identical  aircraft  the  average  scores  for  and  against  individual  pilots  were 
mostly  small.  Two  pilots  defeated  BACTAC,  whilst  BACTAC  beat  three  others  and  drew  with  the  remaining  two. 
The  overall  average  result  for  all  pilots  taken  together  was  very  close  to  a  draw  with  BACTAC. 

Phase  2 

When  the  pilots  flew  the  superior  aircraft  (B)  they  all  defeated  BACTAC  flying  Aircraft  A.  But  again 
there  was  significant  variation  in  their  individual  scores,  with  one  pilot  only  achieving  a  draw  and  that 
with  a  very  low  score  on  both  sides. 

Phase  3 

In  the  third  part  of  the  experiment  aircraft  A  and  B  were  interchanged,  BACTAC  now  flying  the 
superior  Aircraft  B  against  six  of  the  pilots  in  Aircraft  A  (One  pilot  was  unavailable  to  complete  the 
experiment).  In  this  phase  BACTAC  won  decisively  against  four  pilots,  lost  marginally  to  another,  and  lost 
more  heavily  to  the  remaining  pilot.  However,  the  overall  average  score  for  BACTAC  in  Aircraft  B  almost 
exactly  balances  the  average  pilot  score  from  Phase  2. 

It  is  concluded,  therefore,  that  the  combat  capability  of  the  developed  BACTAC  computer  opponent  lies 
well  within  the  spectrum  of  pilot  performance,  and  close  to  the  median.  BACTAC  is  one  of  the  family  of 
pilots.  ~  ™ 

APPLICATIONS 

In  practice  the  simulator  application  of  BACTAC  has  been  used  to  evaluate  the  combat  performance  of 
future  aircraft  and  weapon  system  point  designs.  Pilots  have  been  able  to  assess  and  experiment  with 
several  radical  design  innovations,  including  vectored  thrust  and  post  stall  manoeuvring.  The  tactics 
which  they  employ  are  carefully  monitored  and  where  appropriate  they  are  incorporated  into  the  logic  of 
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the  computer  model.  This  process  exploits  to  advantage  the  pilot's  natural  flair  for  innovation,  to  seek 
out  the  best  piloting  techniques  and  tactics,  a  process  which  would  be  extremely  protracted  on  the  model 
alone. 


In  off-line  fora  without  the  pilot  in  the  loop,  BACTAC  versus  BACTAC  combats  can  be  computed 
10-20  tines  faster  than  real  tiae,  enabling  aany  parametric  variations  of  aircraft  and  weapon  system 
designs  to  be  studied  quickly  and  cheaply,  and  ranked  in  order  of  effectiveness.  Figures  16,  17  illustrate 
the  results  of  one  such  experiment  in  which  aircraft  design  parameters  were  varied  about  a  datum  design  to 
assess  their  sensitivity.  The  results  are  found  to  correlate  extremely  well  with  a  combination  of  familiar 
aircraft  desigi  variables  such  as  (Z)  ratio,  span  loading  and  wing  loading,  and  in  another  form  with  a 
combination  of  aircraft  performance  'criteria  such  as  sustained  and  attained  turn  rates  and  specific 
excess  power.  These  Combat  Correlation  Parameters  enahle  preliminary  ranking  to  be  made  of  close  combat 
capability  of  alternative  configurations  at  an  early  conceptual  stage  of  military  aircraft  design. 

Similar  experiments  in  which  missile  aspect  and  acquisition  limits  have  been  varied  have  yielded  useful 
results  (Figure  18).  Experiments  such  as  this  give  the  Project  Office  insight  into  the  interaction  of 
the  major  aircraft  and  weapon  system  deaignvariables,  and  assist  the  process  of  configuration  and  weapon 
selection  for  future  aircraft. 

PROS  AND  CONS  OF  COMPUTER  OPPONENT 


In  making  an  impartial  appraisal  of  the  computerised  opponent  the  following  points  for  and  against 
can  be  listed:- 


FOR: 


fearless,  tireless,  merciless 

adapts  to  aircraft  and  weapons  on  both  sides 

never  exceeds  manoeuvre  limits 

provides  a  datum  pilot  of  known  capability 

can  be  tuned  up  or  down 

has  great  training  potential 

takes  only  one  pilot  out  of  the  flying  programme 
cost  effective  simulation 


AGAINST: 


has  continuous,  perfect  information 
lacks  flair  for  innovation 
deterministic,  repeatable,  predictable 
only  as  clever  as  the  program 
requires  modification  for  new  tactics 
cannot  learn 


CONCLUSION 


The  achievements  of  the  BACTAC  computerised  combat  opponent  have  been  considerable  and  have  surprised 
many  pilots. 

(a)  It  provides  an  evenly  balanced  fight  against  the  human  pilot  when  both  sides  fly  similar 
aircraft. 

(b)  If  dissimilar  aircraft  are  used,  BACTAC  and  the  human  pilot  achieve  a  similar  scoring  advantage 
with  the  superior  aircraft. 

(c)  BACTAC  performs  realistically  and  aggressively,  ranking  in  ability  close  to  the  average 
filter  pilot. 

It  can,  therfore,  be  fairly  claimed  that  the  computerised  model  BACTAC  is  a  combat-worthy  opponent. 

This  hi^i  level  of  validity  and  competitiveness  has  only  been  achieved  after  concerted  and  dedicated 
team  effort  lasting  many  months  by  a  trio  consisting  of:- 

.  a  highly  proficient  combat  pilot 

.  a  first  class  simulation  engineer/programmer. 

.  a  weapon  system  analyst/aerodynamicist. 

Without  this  combination  of  expertise  and  experience  it  is  doubtful  if  such  a  result  could  have  been 
achieved. 

The  side  by  side  locaction  on  the  same  site  of  the  piloted  combat  simulator  and  the  computer  model  has 
enabled  BACTAC  to  "learn"  from  the  pilot's  natural  flair  for  tactical  innovation  in  exploiting  new 
performance  features,  and  then  to  be  applied  off-line  many  times  faster  than  real-time  to  parametric 
studies  of  future  aircraft  and  their  weapon  systems.  This  combination  of  model  and  simulator  represents  a 
uniquely  powerful  operations  research  facility.  They  complement  each  other. 
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FIGURE  11.  MANOEUVRE  LIMITATIONS 
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FIGURE  12.  TACTICAL  USE  OF  A  WIND-UP  TURN 
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FIGURE  13.  HIT-AND-RUN  ATTACK.  ESCAPE  DENIED 


Fast  slashing  attack 


FIGURE  14.  EXPERIMENTAL  CONDITIONS 
PI  LOT- VERSUS -BACTAC 

AGILE  LIGHTWEIGHT  FIGHTER  AIRCRAFT 

SHORT  RANGE  DOG-FIGHTING  MISSILES 

VISUAL  RANGE,  FULLY  AWARE  COMBAT 

NEUTRAL  HEAD-ON  START  POSITION  0-8M/l*000 

3  MINUTE  ENGAGEMENTS 

3  PRACTICE  FIGHTS  IN  EACH  AIRCRAFT 

3-5  FIGHTS  SCORED  IN  EACH  CONFIGURATION 
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FIGURE  15.  COMBAT  SIMULATOR  SCORES 
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AIRCRAFT  A 


AIRCRAFT  A 


Individual  pilot  scores 


]  Average  lor  alt  pilots 


FIGURE  16.  BACTAC  7  CORRELATION  OF  AIRFRAME  VARIABLES 
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SCORING 


FIGURE  17.  BACTAC  7  CORRELATION  OF  PERFORMANCE  TERMS 


FIGURE  18.  PARAMETRIC  MISSILE  VARIATIONS 


AQUISITION  LIMIT 
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FIGURE  19.  PROS  &  CONS  OF  COMPUTERISED  OPPONENT 
FOR  AGAINST 

•  Fearless,  tireless,  merciless.  •  Continuous,  perfect  information. 

®  Adapts  to  A/C  and  weapons  •  Deterministic,  repeatable. 

.on  both  sides.  •  Lacks  flair  and  innovation. 

•  Never  exceeds  limits.  •  Only  as  clever  as  the  program. 

•  Takes  only  one  pilot  out  of  flying.  •  Does  not  learn. 

•  Datum  pilot  of  known  capability, 

within  the  family  of  pilots. 

®  Great  training  potential. 

•  Cost  effective  combat  simulation. 

On  balance  -  BACTAC  is  a  combat -worthy  opponent. 


B.A.C.  TACTICAL  AIR  COMBAT  MODEL 


•  One-on-One  Combat 

•  One-on- Many  Interception  (  sequence  } 

•  Many -on- Many  Combat  (  20  a/c  max.  ) 
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SUMMARY 

The  paper  describes  a  computer  aided  design  system  for  control  law  design  and  system 
synthesis.  A  short  description  of  the  available  methods  (continuous  -  discrete,  time 
domain-frequency  domain)  is  followed  by  an  illustration  of  the  practical  work.  The 
designer  has  access  to  the  huge  program  system  via  a  graphical  CRT  display  and  a  keyboard. 

Selection  of  method  (i.e.  discrete  vs . continuous  complete  vs.  incomplete  state  feedback, 
optimal  control  vs.  pole-placement  etc.)  is  followed  by  a  dialogue  designer-computer  with 
immediate  results  presented  in  numerical  and  graphical  form  (plots,  print-outs) . 

Each  result  is  stored  and  can  be  compared  with  any  other  one  via  dual  plots.  The  system 
also  allows  for  the  input  of  disturbances  like  white  or  coloured  noise, ramps,  steps, 
slne-and  cosine-combinations.  No  practical  restriction  for  the  number  of  state  variables 
is  present. 

The  paper  concludes  with  an  illustrating  example  for  aircraft  application. 


PREFACE 

With  the  advent  of  powerful  digital  computers,  new  tools  have  become  available  to  the 
designer  of  feedback  control  system.  Not  only  that  the  computing  speed  has  increased  un¬ 
believably  but  new  methods  such  as  multivariable  control  and  optimal  control  have  become 
applicable. 

At  the  same  time,  a  new  desease  was  caused  among  the  control  system  engineers  s 
AMOK  -  Computing 

Since  it  was  so  easy  to  do  some  more  computer  runs,  the  engineers  (and  others  tool)  got 
excited  and  did  many,  many  more  computer  runs. 

But  the  excitement  was  followed  by  a  hang  over.  Huge  piles  of  printed  results  had  to  be 
evaluated,  thousands  of  results  to  be  stored  in  the  engineers'  brain  and  then  the  "BEST" 
to  be  selected. 

Since  not  all  conditions  and  especially  experience  can  be  formulated  into  mathematical 
and  numerical  criteria,  the  human  being  has  to  stay  in  the  design  loop.  On  the  other 
hand,  the  piles  of  printed  matter  do  not  offer  a  satifactory  solution. 

Our  solution  is  a  dialogue  between  the  system  engineer  and  the  computer  via  an  inter¬ 
active  graphic  display,  a  Computer  Aided  Design  (CAD)  for  feedback  control  system.  This, 
in  most  cases,  cures  also  the  amok-computing  desease. 


1.  INTRODUCTION  TO  THE  DIALOGUE  :  DESIGNER  -  COMPUTER  GRAPHICS 

In  order  to  enable  the  engineer  more  than  ever  to  gain  access  to  the  computer  through 
programming  languages,  to  express  and  modulate  problems  for  the  computer,  the  visual 
display  with  its  high  standard  of  information  was  chosen  as  an  essential  means  of 
communication. 

The  centre  of  this  engineer-computer  process  is  therefore  a  graphical  interactive  dis¬ 
play  unit  which  is  connected  via  a  regenerating  buffer  to  the  main  computer  -  at  KBB 
we  use  for  this  an  IBM  2250  station,  -  which  is  coupled  via  a  channel  to  the  IBM  370/165. 
A  similar  system  with  a  MBB  graphic  7  and  a  DEC  VAX  11/780  is  on  the  way.  The  designers' 
decision  is  inputted  into  the  calculation  and  driving  programs  through  an  alphanumerical 
keyboard  or  via  a  light  stick,  by  the  touching  and  selection  of  graphical  displayed 
elements.  The  computer  puts  out  its  result  either  graphically  on  the  display  screen  or 
alternatively  in  the  usual  way  on  the  lineprinter. 

The  graphical  display  serves  here  various  purposes  namely  s 
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Computer  Aided  Design  for  Feedback  Control  Systems  Design 
°  program  control 

°  method  selection 

o  parameter  input 

°  influence  on  the  computing  process  in  the  case 

of  optimization  programs  for  convergence  improvements 

«  compression  of  optical  information  in  the  form  of 
diagrams,  lists  and  notifications,  which  enables  the 
comparison  of  results  from  different  decisions 

a  simulation  of  calculation  results  i.e.  representation 
of  the  time  histories  of  the  state  variables 

a  control  and  selection  of  simultaneous  documentation 
programs 

a  instant  indication  of  input  errors  and  their  correction 


The  designer  can  switch  from  one  function  of  the  graphical  display  unit,  without  delay 
to  another  significant  one  where  optical  aids  can  be  used  as  a  guide.  The  computer  will 
check  the  validity  of  his  decision,  execute  it  and  then  through  simulation  the  designer 
will  receive  a  display  instantly  interpretable  which  enables  further  decisions. 

The  objections,  that  this  process  may  lead  to  playing  with  the  display  and  this  in  turn 
leads  to  unneccessary  costs,  can  be  countered  by  the  following  points  : 

°  the  design  process  will  be  speeded  up  remarkably  as  extensive  use  at  MBB  proves 

°  the  grade  of  optimization  is,  depending  on  the  designer's  opinion  of  optimality  -  in 
many  cases  -  greatly  increased 

°  variation  on  purpose  is  one  of  the  elements  which  increases  the  human  capability 
of  optimization 

«  only  through  compressed  (optical)  information  display  can  decisions  be  arrived  at, 
which  not  only  result  in  permissible  but  optimal  results 

°  the  decision  for  a  digital  or  analogue  controller  solution,  which  are  realized 

through  different  pieces  of  hardware,  and  hence  give  a  difference  in  cost,  can  be 
arrived  at  by  direct  comparison 

o  the  gap  between  the  control  system  designer,  the  mathematician  and  the  data  processing 
people  is  getting  smaller. 


2 .  AVAILABLE  METHODS 

On  implementation  of  the  various  design  methods  for  multi-variable  control  systems,  a 
linear  state  description  has  been  taken  as  a  basis.  Its  relation  to  the  frequency  range 
is  given  via  the  standard  operations:  Calculation  of  the  Eigenvalues  and  Eigenvectors  of 
the  system  matrix. 

For  this  the  standard  methods  of  the  QR-algorithms  after  Francis  were  used  with  various 
shift  techniques  as  well  as  the  inverse  power-method  after  Wielandt.  In  case  of  non¬ 
convergence  other  methods  are  available,  but  non-convergence  usually  is  a  signal  of  an 
unsuitable  formulation  of  the  problem.  Almost  all  methods  have  been  formulated  so  that 
from  the  Eigenvalue  -  Eigenvector  analysis  the  best  possible  use  can  be  made  which  leads 
to  a  considerable  speed  up  of  the  computing. 

The  techniques  for  the  control  system  design  have  been  prepared  in  such  a  way  that  they 
can  also  be  used  for  the  observer  design. 

In  principal  there  are  3  classes  of  programs  to  be  differentiated  which  support  the 
control  design  : 


2.1  SERVICE  PROGRAMS 

Besides  the  self  evident  existing  program  variations  from  the  sphere  of  linear  Algebra, 
such  AS  3 

°  matrix  inversion  (symmetric,  assymmetric,  complex)  or 

®  solution  of  linear  equations  (symmetric,  real,  complex)  etc., 

to  which  also  the  above  mentioned  Eigenvaluc/vector  determination 
programs (hermitic,  real,  complex)  belongs,  can  be  added 

•  transition-/ control  matrix  calculation  which  is  being  done  via 

Eigenvalue  analysis  as  well  as  via  integration  of  matrix  equations 
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°  controllability  checks,  whereby  partly,  because  of  the  considerably 
large  systems  the  explicit  setting  up  of  the  controllability  matrix 
is  avoided 

°  calculation  of  the  observability  index  as  well  as  checking  on 
observability  without  setting  up  of  the  matrices  concerned  as 
above 

°  pole-zero  calculation  of  any  matrix  transfer  function  of  the 
open  and  closed  loop  system 

0  optimization  of  non-linear  functions  under  non-linear  constraints 
(Davidon,  Fletcher-Powell) 

These  programs  can  be  controlled  by  the  individual  user  as  well  as  automatically  inte¬ 
grated  into  certain  design  programs. 


2.2  FEEDBACK  CONTROL  LAW  AND  OBSERVER  DESIGN 

A  chief  distinction  between  digital  (time  discrete)  and  analogue  (continuous)  control 
systems  can  be  made.  Also  a  simulation  of  hybrid  systems  is  possible  with  the  availability 
of  all  the  usual  methods  from  both  areas.  On  the  design,  one  differentiates  between 
control  processes  with  limited  control  time  and  unlimited  control  time. 

In  the  control  process  with  limited  control  time,  the  control  law  is  usually  time 
dependent. 

For  digital  systems  the  following  control  law  design  methods  are  available 

«  minimization  of  a  quadratic  performance  index 
("energy  minimization") 

00  with  time  dependent  control  and  limited  control  time 
00  with  time  independent  control 


ooo  without  convergence  acceleration  for  unlimited 
control  time 

ooo  with  convergence  acceleration  utilising  suitable 
E-function  weighting  of  the  time  behaviour  for 
limited  control  time 

o  Dead-Beat-Control  with  pre-  specification  of  the  transient  behaviour  by  minimization 
of  a  quadratic  performance  criterion  ("time  minimization") 

o  pole-zero  assignment  for  matrix  transfer  functions  of  the  feedback  system  through 
minimization  of  rational  vector  functions 

°  incomplete  state  feedback  through 

oo  introduction  of  a  compensator  system  and  minimization  of  a  quadratic  criterion 
respectively  pole-zero  assignment  for  the  controlled  system 

»<>  introduction  of  a  minimum  compensator  system  for  the  optimal  simulation  of 
complete  state  feedback  systems  by  the  use  of  previous  information  or  state 
variable  derivatives 

o  Model-Following-nesign  via  minimization  of  a  quadratic  performance  criterion.  This 
method  of  desi<~  is  also  well  suited  for  the  analysis  and  the  design  of 

o  parameter  insensitive  control  systems 

°  observer  design  for  incomplete  state  measurement 

•  optimization  of  state  variables  and  controller  design  for  deterministic  disturbances 
(ramp,  oscillations) 

°  optimization  of  state  variables  for  stochastic  disturbances  (prescribed  auto¬ 
correlation  function) 

The  same  design  systems  apply  to  analogue  control  systems  with  the  exception  of  Dead- 
Beat-Control,  whereby  integral  criterion  replaces  the  summation  criterion.  Therefore, 
a  direct  comparison  is  possible.  Some  of  these  methods  such  as  the  design  of  a  minimum 
compensator  system  with  incomplete  state  feedback  with  respect  to  maintaining  a  similar 
transient  behaviour  as  with  the  complete  state  variable  feedback  have  been 
developed  at  MBB  and  published. 


2.3  SIMULATION  PROGRAMS 

In  order  to  analyse  the  controlled  and  uncontrolled  systems  several  simulation  analysis 
programs  habe  been  developed  which  analyse  the  state  and  control  behaviour  for  deter¬ 
ministic  systems  as  well  as  for  systems  with  stochastic  disturbances.  The  "Kalman-Buzy- 
Fil taring"  belongs  under  this  heading  although  it  could  be  considered  as  a  control  system 
design  method  as  well. 
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Individually  available  are  : 

°  Calculation  of  state  and  control  variables 

•o  precisely  through  analytical  integration  and  display  of  the  Eigenforms  with 
the  support  of  the  Eigenvalue/vector  analysis 

°°  through  numerical  integration  of  differential  equations 

»  generation  of  arbitrary  coloured  stationary  noise  from  an  autocorrelation  function 
or  its  spectrum  through  the  establishment  of  a  set  of  differential  equations  with 
white  noise  as  input 

o  trajectories  of  the  state  and  control  variables  under  coloured  noise  for  controlled 
and  uncontrolled  systems 

°  Kalman-Buzy-Filtering  and  variance  analysis  of  stationary  disturbed  linear  processes 
•  interactive  change  of  controller  coefficients 

A  suitable  combination  of  these  programs  with  the  service  programs  of  chapter  2.1 
enables  an  aimed  analysis  of  the  control  system. 

The  list  of  the  available  methods  given  here  cannot,  because  of  the  possibilities  of 
variations,  be  complete.  It,  however,  shows  the  variety  of  possibilities  available. 


3.  ORGANISATION  OF  HANDLING 

Here,  two  main  points  have  to  be  differentiated  : 

On  the  one  hand  the  handling  of  a  complex  program  by  the  user  requires  an  easily  under¬ 
stood  computing  language  formulated  to  support  in  a  simple  and  flexible  way  all  sensible 
operations  required  by  a  control  engineer  without  the  need  for  the  designer  to  have 
special  knowledge  of  data  processing 

On  the  other  hand  a  complicated  program  structure  requires  data  administration  as  well 
as  the  usage  of  dialogue  languages . 

Both  problem  areas  shall  be  just  shortly  dealt  with. 


3.1  MBB's  GRAPHIC  MONITOR  SYSTEM 

The  composition  of  the  overall  program  system  is  based  on  the  MBB  developed  Graphic 
Monitor  System,  a  dialogue  extension  of  the  IBM-Operating  System  OS/MVS,  respectively, 
with  the  aid  of  a  graphic  interactive  program  language  GSP.  The  monitor  pern,  ,s  an  inter¬ 
active  way  of  working,  in  the  approach  to  most  operating  functions  such  as  compile,  link, 
copy,  update,  file  construction  etc.  and  as  well  as  the  execution  of  several  loading 
modules  in  sequence  in  one  step.  That  means  that  many  individual  programs  are  put-on  a 
disc  library  and  only  connected  -  linked  -  at  the  time  of  the  execution  of  the 
computing  operation,  a  process  which  happens  in  the  classical  way  of  programming  once 
before  every  calculation,  and  then  always  in  a  pre-determined  way. 

The  consequence,  however,  is  that  any  thinkable  combination  and  sequence  of  processes 
and  simulation  in  one  computing  program  have  to  be  tested  and  programmed  thoroughly  — 

while  with  the  help  of  the  monitor  during  the  work  period  only  those  programs  which  are 

to  be  used  at  that  time  are  automatically  linked. 

In  order  to  transfer  data  and  information  from  one  part  of  the  program  to  the  next,  a 

data  communication  regime  is  established  in  the  memory  of  the  computer,  and  a  data  file 

with  a  flexible  structure  is  built  on  a  disc  for  every  design  example. 

The  file  retains  and  archives  all  the  necessary  data  for  a  design  example,  as  well  as 
3ll  the  controllers  gained  through  application  of  the  design  processes  and  analysis 
techniques,  state  variables  and  a  storage  name. 

In  case  one  likes  to  continue  a  design  example  at  a  later  date  the  calling  up  of  the 
program  through  its  storage  name  will  be  sufficient.  Per  run,  that  means  per  work  session, 
design  examples  of  any  number  you  choose  can  be  dealt  with  in  parallel,  within  every 
example  any  combination  of  design  processes  and  analyses,  every  example  with  a  maximum  of 
60  state  variables  and  control  inputs.  The  speeding  up  of  the  disc-computer-operation 
during  the  run  was  achieved  by  the  development  of  access  routines  without  the  necessity 
of  an  intermediate  buffer. 


3.2  OPERATING  CONTROLS 

The  user  of  the  system  referred  to  here  as  the  design  engineer,  controls  the  computer 
run  through  3  types  of  pictures  which  appear  on  the  screen  and  which  are  : 

«  the  control  picture  for  the  control  of  data  transmission  and  selection  of  method 
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°  the  input  picture  for  the  input  of  parameter  values 

0  the  display  picture  for  analysis,  simulation,  comparison  and  documentation 


3.2.1  THE  CONTROL  DISPLAY 

At  the  beginning  of  a  workphase  and  at  any  other  period  of  time,  the  control  picture  can 
be  redisplayed  in  order  to  take  in  the  system  data  and  produce  the  associated  data  files, 
in  case  an  example  has  been  handled  for  the  first  time. 

Later  the  storage  name  will  be  enough  for  identification  purposes. 

Individually  the  following  options  can  be  accessed  (picture  1  ) . 

PROGRAM  CONTROL 


storage  name 

catalogue  -  file  erase 
generate  a  file 

read  data  off  cards  according  to  file 
check  observability 
check  controllability 

control  design  :  time  dependent,  constant 
calculation  of  transition-and  control  matrix 
punching  of  time  dependent  -  constant  controller 
calculation  of  poles  and  zeros 

optimal  control  for  incomplete  continuous  feedback 
optimal  control  for  incomplete  discrete  feedback 
model  -  following 

time  histories  of  state  variables  and  control  inputs 
input  and  display  of  a  deterministic  disturbance 
display  of  Y  =  CA*  X  +  DA*  U  ?  YES/NO 
transfer  function  -  continuous  -  discrete 

Program  end  Normal  version 

After  choosing  the  individually  required  option,  the  picture  appropriate  to  the  control 
command  appears,  whereby  some  are  for  the  purpose  of  data  input  (picture  2,3  )  and 
others  for  the  selection  of  methods  (picture  4,5  ) . 

If  a  required  option  cannot  be  executed  or  if  the  execution  generates  an  information  for 
the  user  a  certain  notification  on  the  situation  at  that  moment,  will  appear  on  the 
picture  concerned. 


Picture  2  : 


The  generation  of  a  file  necessitates  the  information  of  whether  it  is  a  time  con  tant 
or  time  dependent  control  design,  which  storage  name  has  been  attributed  to  it  and  how 
many  state  variables  define  the  system.  This  information  enables  the  setting  up  of  an 
optimum  structure  for  the  data  file. 


Picture  3  : 

Calculation  of  transition  -and  control  matrix  necessitates  the  input  of  the  sampling  time  T 
as  well  as  the  method  selection  : 

Eigenvalue/vector  analysis  or  integration. 


Picture  4  : 


'Constant  controller  design'  shows  the  choice  of  methods  available. 


Constant  controller  design 

Control  system  design  with  pole  placement 

Control  system  design  with  quadratic  performance  index  discrete/continuous 
Control  system  design  with  pole  and  zero  placement 

Control  system  design  with  pole  placement  for  incomplete  state  feedback  :  DISCRETE 
Control  system  design  with  pole  placement  for  incomplete  state  feedback  :  CONTINUOUS 

Quadratic  performance  index  for  incomplete  state  feedback  -  DISCRETE 
Quadratic  performance  index  for  incomplete  state  feedback  -  CONTINUOUS 


For  the  first  3  methods  a  decision  of  a  discrete  or  continuous  synthesis  is  to  be  made 
only  on  the  input  picture. 


Picture  5  ; 


TIME  DEPENDENT  controller  design  allows  the  execution  of  the  following  processes: 

«  dead  beat 

°  Control  system  design  with  finite  performance  index 
o°  discrete 
° °  continuous 


As  well  as  the  above,  there  also  belongs,  from  the  practical  point  of  view,  the  design 
of  compensator  systems,  however,  the  system  analyst  will  include  them  directly  as  a 
constant  controller  design,  into  the  control  picture  to  show  that  the  controller  of 
the  system  is  constant. 

If  certain  methods  have  been  selected  via  the  light  stick,  the  control  program  calls  up 
the  necessary  computing  programs  fran  a  disc,  links  them  together  and  presents  them  for 
data  input  in  the  computer. 


The  Input  Picture 

Dependent  on  the  chosen  design  method,  one  of  the  16  input  pictures  appears.  Not  all 
are  shown  here  (picture  6-15)  . 

By  means  of  these  pictures  the  parameters  necessary  for  the  control  synthesis  can  be 
displayed  (DISPLAY) .  In  case,  the  data  has  been  transmitted  earlier  it  can  be  cleared 
(CLEAR)  or  new  data  can  be  entered  via  the  keyboard  (UPDATE)  by  choosing  the  paramter 
name  with  the  light  stick.  All  paramter  names  have  been  taken  from  the  vocabulary  of  the 
design  engineer  to  whom  the  method  concerned  is  known.  Input  redundancy  i.e.  with  the 
symmetric  weighting  matrices  has  been  taken  into  consideration. 

Through  touching  the  option  PRINT  the  inputted  data  together  with  the  system  data  will 
be  printed  on  the  lineprinter. 

The  touching  of  (RECHNEN)  CALCULATION  initiates  the  computer  programs  which  control  the 
synthesis.  If  no  notification  of  error  is  indicated,  the  display  appears  immediately. 

The  touching  of  CONTROL  DISPLAY  enables  a  jump  back  to  method  selection. 


3.2.3  THE  DISPLAY 

After  the  controller  has  been  designed  by  means  of  the  chosen  procedures  and  parameters, 
the  state  variables  and  controls  will  be  determined  and  their  trajectories  or  a  linear 
combination  will  be  displayed  graphically  after  touching  of  the  variable  number  (pictures 
16-18) .  The  scaling  is  done  automatically,  the  limits  of  the  data  being  written 
numerically,  as  well  as  the  control  error  at  the  end  of  a  pre-specif led  period  of  time. 

One  option  enables,  for  constant  control  design  to  look  at  the  time  histories  within 
the  following  period  of  time.  Another  option  enables  the  labelling  of  the  design  result 
as  "Optimal"  and  storage  through  touching  of  "NEW  TRAJECTORY  OPTIMUM".  If  at  a  later 
date  however,  the  optimum  behaviour  for  reasons  of  comparison  is  required  it  can  be 
called  up  through  the  option  of  "OPTIMUM  TRAJECTORY"  • 


A  documentation  option  which, of  course,  also  appears  on  all  the  other  pictures  allows  the 
print  out  of  all  the  information  gained  so  far.  Apart  from  that,  the  picture,  the 
diagrams  and  the  text  can  be  plotted  automatically. 

After  the  display,  the  input  picture  can  be  recalled  (automatically  the  right  one  will 
appear)  for  the  variation  of  the  parameters  or  the  control  picture  can  be  recalled  for 
the  purpose  of  varying  the  method  and  or  the  cessation  of  the  method. 

The  illustrated  organisation  shows  that  the  design  engineer  if  he  possesses  knowledge 
of  the  possible  methods,  does  not  require  further  training,  as  all  contact  possibilities 
are  feedback  control  orientated.  He  does  not  need  any  extensive  documentation  and  he  can 
find  'his'  optimum  method  with  optimum  parameters  in  one  way. 

In  the  following  some  of  the  applied  examples  will  be  described. 


4 .  APPLICATIONS 

Since  the  CAD  has  been  introduced  many  applications  were  found. 
Fighter  Aircraft 
CCV  F  104 
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RPV 

Helicopter 
Flutter  Supression 
Vibration  Isolation 
Missile  Control 

The  number  of  users  is  still  growing  and  on  the  other  hand  any  new  method  coming  up  will 
be  integrated  in  to  the  computer  aided  design  system.  It  should  be  mentioned  that 
successful  flight  tests,  with  control  systems  being  designed  as  described,  have  already 
been  conducted. 


5.1  EXAMPLE 

Out  of  many  applications  one  example  for  an  optimization  of  a  multi-variable  control 
system  has  been  selected. 


The  control  plant  is  a  helicopter  BO  105.  The  vehicle  is  characterized  by  the  following 
main  features. 

0  Non-linear  behaviour 

•  Eight  strongly  coupled  state  variables,  four  controls  with  influence  in  several  degrees 
of  freedom 

The  control  system  design  has  been  split  into  2  parts.  Part  1 ,  is  a  non-linear  trim 
computation. 

Several  trim  points  dependent  on  velocity  and  altitude  have  been  defined.  The  system 
description  (differential  equations  )  has  been  linearised  around  the  trim  points.  Different 
controllers  have  been  designed  each  one  optimized  for  one  trim  point.  During  practical 
flight  tests  a  continuous  interpolation  between  the  different  control  laws  takes  place. 

In  order  to  illustrate  our  CAD  the  design  of  a  controller  for  the  BO  105  at  an  altitude 
of  1500  m  and  a  flight  speed  of  27,8  m/s  is  given  as  an  example. 

At  the  given  flight  speed  initial  disturbances  of  5  m/s  in  Vx  and  -5  m/s  in  V,  should 
be  decreased  quickly  without  any  possible  overshoot  (limit  at  10%)  and  with  permissible 
control  inputs  (small  feedback  gains). 


The  results  finally  gained  are  shown  in  pictures  16-18.  For  comparison  the  behaviour 
of  the  uncontrolled  plant  is  given  within  the  pictures  as  well  (starred  lines) .  The 
respective  state  variables  and  controls  are  as  follows. 


X1 

= 

V 

X 

= 

forward  velocity 

in 

x  -  direction 

x2 

= 

V 

y 

lateral  velocity 

in 

y  -  direction 

x3 

= 

vz 

= 

vertical  velocity 

in 

z  -  direction 

x4 

wx 

= 

roll  rate  around 

X 

-  axis 

x5 

= 

wy 

= 

pitch  rate  around 

y 

-  axis 

x6 

S 

wz 

= 

yaw  rate  around 

z 

-  axis 

x7 

= 

f 

= 

bank  angle 

x8 

= 

pitch  angle 

U1 

= 

. 

s 

collective  pitch 

(mutual  adjustment  of  all  main  rotor  blades) 

u2 

X 

^c 

= 

cyclic  blade  adjustment  roll 

u3 

= 

8 

= 

cyclic  blade  (rotation)  adjustment  pitch 

U4 

X 

Hr 

= 

blade  angle  of  tail 

rotor 

The  result  :  v,  is  quickly  brought  to  zero  as  it  is  controlled  directly  via  collective 
pitch. 

vx  is  slower,  as  the  thrust  vector  has  to  be  rotated  first.  (The  helicopter 
pitches  up  to  large  attitudes)  in  order  to  reduce  the  speed  via  an 
enlargement  of  the  thrust  component  in  negative  x-direction. 
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i  There  are  only  small  coupling  effects  in  lateral  movement 

■  as  can  be  seen  :  vy  max  =  -0.092  m/s 

i  f  max  “  0.48"  respectively 

l  The  control  variables  remain  far  below  the  permissible  limits. 

I 

t  Since  for  the  pictures  direct  photographs  from  the  CAD  screen  have  been  taken 

!  the  re-production  contains  the  original  German  text  as  well  as  translation  into  English. 

J 

i 

i 


J 

J 
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Storage  Nane 
catalogue  -  erase  file 
generate  a  file 

read  data  off  cards  according  to  file 
cneck  observability 

check  controllability 

control  design  :  time  dependent,  constant 

calculation  of  transition-  and  control  matrix 

ounchlng  of  time  deoendent  -  constant  controller 

calculation  of  noles  and  zeros 

optimal  control  for  incomplete  continuous  feedback 

optimal  control  for  incomplete  discrete  feedback 

model  following 

time  histories  of  state  variables  and  control  inputs 
input  and  display  of  a  deterministic  disturbance 
display  of  Y  =  CA*  X  ♦  DA*  U  ?  YES/NO 
transfer  functions  -  continuous  -  discrete 
Program  End  Normal  Version 

Picture  1  :  CAD  Control 


Generation  of  file  for  constant  -  time  deoendent  controller 
Number  of  File  :  3 

Blockslze  :  0 

Number  of  state  variables  :  ^ 

Control  oicture 
Picture  2 


Calculation  of  transition-  and  control  matrix 
for  samoling  time  T  * 

transition-  and  control  matrix  via  lntearatlon?  Yes  No 
integration  interval  1  DT  * 


Picture  3 
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Control  system  design  with  oole  olacement 

Control  system  design  with  quadratic  oerfornance  index 
discrete/continuous 

Control  system  design  with  oole  and  zero  nlacement 

Control  system  design  with  oole  olacement  for  lnconolete 
feedback  :  DISCRETE 

Control  system  design  with  oole  olacement  for  lncomolete 
state  feedback  :  CONTINUOUS 

Ouadratic  oerformance  index  £or  i^co^olete  state  *eedbac<  -  2 1  SCR 
Quadratic  oerfomaoce  i~dex  *or  i^co'"olete  state  *eedba:<  -  CONTI 

Picture  4  :  Constant  Controller  Design 


DEAD  BEAT 

Control  system  design  with  finite  performance  index 
discrete 
continuous 


Picture  5  :  Time  Dependent  Controller  Deslnn 
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Time  Dependent  Controller  Design 
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Control  Svstem  neslon  with  hole  Placement 
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Picture  7 


Control  System  Desion  with  Pole  -  Zero  Placement 

REGLEHENTMJRF  NIT  NULLSTELLEN-  UNO  POLVOflGROE 


Control  System  Desion  with  Pole  Placement 
( tinmen  ted  System) 
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Constant  Controller  Design 
(Augmented  System  ) 
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Picture  10 


Pole  -  Zero  Calculation 

OERCCHNUNC  OCR  NULLSTELLEN  UNO  POLE 


Picture  11 
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Constant  Controller  Design  -  Discrete 
Augnented  System  -  Optimal  Control 


Picture  12 


Picture  13 
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State  Variable 


input  control  variable  opt.  trajectory  print 

progr.  control  pict.  initial=f inal  value  new  traj.  optimal  punch 


Picture  16:  BO  105  Discrete  Ontlroal  Control 
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State  Variable 


input  control  variable  opt.  trajectory  print 

progr.  control  pict.  initial=f inal  value  new  tra j .  optimal  punch 


Picture  17:  BO  105  Discrete  Optimal  Control 
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Control  Variable 


input  state  variable  opt.  trajectory  print 

prog,  control  pict.  initial=f inal  value  new  tra j .  optimal  punch 


Picture  18:  BO  105  Discrete  Ontlmal  Control 
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ABSTRACT 

Advances  in  technology  have  completely  restructured  the  flight  test  process.  There 
have  been  marked  improvements  in  test  aircraft  data  acquisition  systems,  telemetry  systems, 
test  range  capabilities,  and  data  processing  systems.  Computers  have  played  the  major  role 
in  many  of  these  advances. 

The  past  decade  has  seen  explosive  growth  in  the  capability  to  monitor  and  control 
flight  testing.  Much  of  this  increase  in  capability  stems  from  widespread  use  of  digital 
computers  to  assimilate  enormous  quantities  of  data  and  quickly  display  results  to  the  test 
team.  Ground-based  computer  systems  now  provide  the  capability  of  processing  large  amounts 
of  flight  test  data  in  real  time,  and  near  real  time  analytical  calculations  are  common¬ 
place. 

An  essential  accessory  of  the  flight  test  engineer  of  the  past  was  the  two-foot  slide 
rule.  Today,  the  slide  rule  has  been  replaced  by  the  calculator  and  on-line  access  to  large 
scale  computers  for  flight  test  data  processing.  Test  techniques  and  computer  software 
have  been  developed  to  determine  mathematical  models  of  aircraft  behavior  and  to  determine 
compliance  with  performance,  flying  qualities  and  control  system  specification  requirements. 

Advances  in  digital  circuitry  and  applications  of  airborne  digital  computers  have 
resulted  in  dramatic  changes  in  airborne  instrumentation  as  well  as  in  production  aircraft 
subsystems.  The  airborne  computer  is  being  employed  as  both  a  primary  control  system  and 
as  a  powerful  test  tool. 

This  paper  examines  the  uses  of  advanced  computer  techniques  in  flight  test  evaluations 
at  the  AFFTC.  Uses  of  the  computer  for  real  time  mission  control,  integrated  systems 
development,  flutter  testing,  and  postflight  data  analysis  are  emphasized. 


INTRODUCTION 

The  large  scale  use  of  the  digital  computer  in  flight  test  evaluations  of  aircraft 
systems  and  subsystems  has  progressed  rapidly  over  the  past  decade.  Indeed,  in  today's 
world  of  complex,  sophisticated,  high  performance  aircraft  much  in  the  way  of  the  design 
and  implementation  of  a  test  program  is  centered  around  the  capabilities  of  the  computer. 
During  the  earlier  days  of  flight  testing,  data  processing  and  analysis  by  hand  computation 
was  the  rule.  This  complemented  the  manual  nature  of  data  gathering  via  stopwatch  and  hand 
recorded  information.  Even  with  more  automated  recording  devices  such  as  the  oscillograph 
and  time  correlated  photographic  records  of  flight  instruments,  test  data  for  processing 
by  a  computer  was,  to  a  large  extent,  input  manually.  It  remained  for  the  development  of 
high  speed  digital  recording  techniques  to  enable  the  flight  test  engineer  to  effectively 
utilize  the  tremendous  mathematical  processing  capabilities  of  the  computer. 

The  advent  of  Large  Scale  Integrated  Circuitry  and  the  microprocessor  led  to  the 
development  of  lightweight,  compact,  flight-qualified  data  recording  systems  capable  of 
recording  hundreds  of  measurements  at  high  sample  rates.  With  this  development,  the  data 
analyst  was  provided  with  an  overwhelming  quantity  of  data  but  not  always  with  the  neces¬ 
sary  computational  tools  to  analyze  it  efficiently.  Test  results  were  often  analyzed  uti¬ 
lizing  only  a  fraction  of  the  data  available.  A  great  deal  of  effort  has  been  expended 
over  the  past  decade  in  developing  test  techniques  and  analytical  software  to  advance  the 
state  of  the  art  in  flight  test  evaluations.  This  development  process  continues  today  and 
the  AFFTC  employs  state  of  the  art  computer  techniques  on  all  major  test  programs. 

Today  computers  are  found  in  a  wide  range  of  applications  at  the  AFFTC:  in  ground 
tests,  engineering  simulations,  preflight  checkouts,  airborne  mission  control,  postflight 
and  second  generation  data  processing  and  analysis,  and  onboard  the  test  aircraft  as  a 
tool  for  developing  and  evaluating  new  applications  of  digital  technology  in  aircraft  sub¬ 
systems.  This  paper  presents  a  broad  overview  of  some  of  the  present  and  planned  applica¬ 
tions  of  the  computer  in  the  developmental  test  and  evaluation  process  at  the  AFFTC. 

REAL  TIME  MISSION  CONTROL 

The  key  elements  of  a  real  time  mission  control  capability  are  the  airborne  telemetry 
system,  an  extensive  test  range  net  linked  via  a  microwave  system,  a  ground-based  computer 
system  capable  of  processing  large  quantities  of  data,  and  displays  which  present  critical 
information  to  the  test  engineer.  Data  from  a  variety  of  airborne  and  range  instrumenta¬ 
tion  sources  are  now  available  at  the  AFFTC.  This  capability  makes  it  practical  to  use 
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real  time  data  for  reasons  other  than  safety-of-flight.  Systems  are  now  in  use  which 
markedly  increase  the  efficiency  of  the  test  process.  These  improvements  are  brought  about 
by  real  time  answer-oriented  software  which  allows  an  immediate  assessment  of  significant 
test  results  (reference  1). 

Real  time  answers  are  a  necessity  to  accomplish  a  program  safely  in  a  reasonable  time, 
especially  for  testing  high  performance  aircraft  where  rapid  decision-response  time  is 
critical  and  flight  time  is  at  a  premium.  An  additional  benefit  of  having  answers  at  the 
conclusion  of  the  flight  is  the  enhanced  interpretation  of  results  during  the  postflight 
debrief  when  the  events  of  the  flight  are  fresh  in  the  minds  of  the  flightcrew  and  engi¬ 
neers.  Final  analysis  is  expedited  when  much  of  the  data  manipulation  and  working  plot 
generation  are  accomplished  during  and  immediately  following  the  flight.  Real  time  appli¬ 
cations  currently  in  use  to  support  various  test  disciplines  at  the  AFFTC  are  summarized 
below.  A  detailed  functional  description  of  the  AFFTC  system  may  be  found  in  reference  2. 

Avionic  Systems  Testing: 

A  unique  and  complex  application  of  the  real  time  system  was  used  to  evaluate  the  B-l 
in  the  terrain  following  environment  (reference  3) .  The  test  engineer  was  provided  with 
displays  showing  the  terrain  profile  of  a  test  course  at  Edwards  AFB  and  the  aircraft  flight 
profile  above  that  course,  as  well  as  deviation  from  predictions.  This  application  merges 
onboard  telemetry  data  with  range  data  from  a  number  of  sources.  The  flight  test  range 
space  positioning  and  onboard  navigation  and  control  systems  data  are  merged  in  the  central 
computer  to  provide  real  time  results.  This  analysis  package  is  being  expanded  and  addi¬ 
tional  test  range  instrumentation  has  been  installed  to  support  terrain  following  tests  of 
the  air  launched  cruise  missile. 

Flutter: 

Flutter  test  engineers  have  been  analyzing  time  histories  of  data  for  many  years  by 
using  analog  techniques  during  postflight  analysis  sessions.  In  flight  analysis  was  often 
limited  to  strip  chart  recorder  observations.  Often  the  aircraft  was  equipped  with  an 
excitation  system,  and  frequency  sweeps  were  conducted  to  identify  modal  frequencies.  The 
sweeps  were  followed  by  multiple  frequency  dwell/quick  stop  points  to  obtain  damping.  This 
method  was  often  time  consuming.  If  pilot  induced  control  surface  impulses  were  used,  it 
was  not  uncommon  for  the  engineer  to  observe  a  record  in  which  closely  spaced  modes  made 
it  impossible  to  determine  the  modal  characteristics  of  the  single  modes  in  real  time. 

The  potential  for  flutter  analysis  capability  in  near  real  time  resulted  from  the 
availability  of  spectral  analyzers  which  used  minicomputer  technology  to  perform  the  fast 
Fourier  transform.  For  the  first  time,  flight  test  engineers  had  access  to  a  dedicated 
system  which  could  be  used  to  make  accurate  real  time  analyses. 

In  1972  the  AFFTC  acquired,  and  has  subsequently  developed  a  real  time  flutter  analysis 
system  (reference  4) .  A  minicomputer-based  time  series  analyzer  and  the  associated  analysis 
software  are  the  heart  of  the  system,  which  is  used  to  apply  digital  time  series  analysis 
techniques  to  structural  response  data. 

The  AFFTC  flutter  test  capability  is  designed  to  meet  a  broad  range  of  requirements 
and  is  applicable  during  the  testing  of  most  types  of  aircraft.  Further,  since  onboard 
excitation  systems  may  or  may  not  be  installed,  the  system  has  an  analysis  capability  for 
those  cases  where  the  input  forcing  function  may  not  be  measurable.  Current  test  vehicles 
utilizing  the  AFFTC  flutter  facility  span  a  range  from  the  small  air  launched  cruise  missile 
to  the  KC-135  winglet  test  aircraft. 

Aircraft  Performance: 

Achieving  high  quality  airplane  performance  test  results  requires  close  attention  to 
accurate  engine  thrust  determination  procedures,  proper  bookkeeping  of  secondary  thrust 
and  drags,  incorporation  of  data  from  supporting  wind  tunnel  and  engine  tests,  accurate 
instrumentation,  and  the  use  of  special  maneuver  techniques.  These  ingredients  have  been 
meshed  together  and  are  used  with  real  time  dynamic  performance  techniques  to  generate  lift 
and  drag  with  a  significant  reduction  in  test  time.  The  methodology  has  proven  particu¬ 
larly  useful  in  obtaining  drag  at  maneuvering  lift  conditions  and  at  supersonic  speeds 
where  it  is  now  possible  to  obtain  data  over  a  sufficiently  large  lift  range  to  develop 
polar  and  lift  curve  slopes.  Turnaround  of  final  data  is  expedited  for  performance  testing 
with  much  of  the  time-consuming  data  manipulations  accomplished  in  real  time.  Real  time 
analysis  was  utilized  extensively  during  the  F-16  and  B-l  flight  test  programs. 

Propulsion: 

Real  time  techniques  have  been  developed  to  achieve  peak  aircraft  performance  at  maxi¬ 
mum  Mach  number  conditions  by  examining  engine  gas  generator  characteristics,  inlet  per¬ 
formance  and  variable  inlet  positions  and  manually  changing  variable  geometry  inlet  posi¬ 
tions  to  achieve  desired  performance.  Variable  geometry  inlet  schedule  optimization  test¬ 
ing  is  accomplished  by  monitoring  critical  inlet  parameters.  Engine  performance  is  avail¬ 
able  in  real  time  to  expedite  engine  as  well  as  airplane  evaluation  requirements. 

Stability  and  Control: 

Test  techniques  and  real  time  software  have  been  developed  to  determine  compliance 
with  flying  qualities  and  control  system  specification  requirements.  Examples  include 
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the  calculation  of  damping  ratios,  maneuvering  gradient  crossplots,  and  roll  performance 
parameters  such  as  roll  time  constant  and  peak  roll  rates. 

DATA  ANALYSIS 

There  is  a  computer  adage  that  states  that  computational  requirements  will  expand  to 
utilize  the  available  capabilities.  This  has  proven  to  be  true  in  the  area  of  flight  test 
data  analysis.  The  tremendous  speed  of  the  computer,  coupled  with  the  increased  data  acqui¬ 
sition  capabilities  have  led  to  rapid  delivery  of  classical  test  information  and  never- 
before-available  analysis  tools  which  are  used  in  parameter  identification  applications, 
statistical  analyses,  power  spectral  density  calculations,  and  for  the  evaluation  of  aero¬ 
dynamic  cross  coupling,  stall/spin  characteristics,  compressor  face  distortion  character¬ 
istics  and  for  dynamic  performance  analysis. 

In  recent  years  emphasis  has  been  given  to  the  increased  use  of  modeling  to  define 
flight  vehicle  characteristics.  This  type  of  analysis  employs  the  use  of  dynamic  test 
maneuvers  to  generate  the  test  data  over  a  broad  range  of  problem  variables  (model  param¬ 
eters)  thus  increasing  the  amount  of  data  obtained  at  a  particular  point  in  the  sky.  The 
advantages  and  benefits  of  developing  a  mathematical  description  of  an  air  vehicle's 
characteristics  have  long  been  recognized  by  the  flight  test  community.  They  include: 

1.  Improved  verification  of  performance  criteria. 

2.  Improved  dependability  of  estimating  flight  characteristics  at  untested  flight 
conditions. 

3.  Enhanced  system  development  and  optimization  of  vehicle  performance. 

4.  More  accurately  represented  engineering  and  operational  simulators,  and 

5.  The  reduction  of  the  amount  of  flight  test  time  required  to  adequately  assess  the 
flight  characteristics  of  an  air  vehicle. 

In  some  areas  of  testing,  it  is  becoming  recognized  that  this  type  of  approach  is  the  only 
practical  way  to  obtain  analytical  results.  This  is  particularly  true  in  the  analysis  of 
complex  systems  with  large  numbers  of  variables.  For  example,  optimizing  the  integration 
of  a  fire  control  system  into  the  flight  control  system  on  the  upcoming  Advanced  Fighter 
Technology  Integrator  F-16  (AFTI-16)  test  program  will  require  the  computer  aided  identifi¬ 
cation  of  numerous  transfer  functions  from  among  the  many  flight  vehicle  and  control  system 
variables. 

Several  of  the  advanced  computer  oriented  analysis  tools  currently  in  use  and/or  under 
development  at  the  AFFTC  are  outlined  below. 

Parameter  Identification: 

Parameter  identification  is  a  discipline  that  provides  tools  for  the  efficient  use  of 
data  in  the  estimation  of  constants  appearing  in  mathematical  models  of  physical  phenomena. 
In  general,  model  parameters  may  relate  to  aerodynamic ,  structural,  performance,  or  other 
types  of  characteristics.  The  particular  parameter  identification  technique  which  has  been 
widely  used  at  the  AFFTC  is  the  Modified  Maximum  Likelihood  Estimator  (MMLE) .  MMLE  is  a 
digital  computer  program  which  estimates  the  coefficients  of  a  set  of  differential  equations 
describing  a  dynamic  system  from  recorded  observations  of  its  dynamic  motion.  Our  experi¬ 
ence  with  this  method  has  been  restricted  to  identification  of  aerodynamic  parameters  for 
linear  mathematical  models  (reference  5) . 

Over  the  past  several  years  this  method  had  been  applied  on  nine  major  test  programs; 
X-24B ,  YF-16,  YF-17 ,  A-10,  YC-14,  YC-15,  F-15,  F-16  and  B-l.  The  uniqueness  of  application 
at  the  AFFTC  has  been  in  its  use  as  a  primary  analysis  tool  for  developmental  flight  test¬ 
ing.  The  AFFTC  has  processed  more  than  1500  maneuvers  using  parameter  identification  tech¬ 
niques.  Our  successes  have  included  the  reduction  and  optimization  of  flight  test  require¬ 
ments,  improvement  in  our  ability  to  verify  performance  criteria,  enhanced  system  develop¬ 
ment  and  optimization  of  vehicle  performance,  and  improvement  in  the  dependability  of 
measured  flight  characteristics  which  has  also  led  to  more  accurately  represented  simula¬ 
tions.  We  are  committed  to  the  continued  use  and  development  of  parameter  identification 
techniques,  and  expect  further  improvements  in  flight  testing  will  occur  with  the  develop¬ 
ment  of  nonlinear  model  identification  programs  and  broader  applications. 

Mission-Oriented  Test  Techniques: 

New  pilot-in-the-loop  handling  qualities  test  and  evaluation  techniques  are  in  the 
development  process  at  the  AFFTC.  These  techniques  are  called  System  Identification  From 
Tracking  (SIFT)  test  techniques.  Pilot-in-the-loop  test  data  are  obtained  during  precision 
tracking  maneuvers  using  specially  developed  piloting  techniques  (references  6) .  From  these 
data,  flight  control  system  transfer  functions,  aerodynamic  transfer  functions,  and  overall 
system  transfer  functions  (aerodynamics  plus  flight  control  system)  are  identified  using 
time  series  analysis  computer  software.  These  quantitative  results  are  correlated  with 
qualitative  pilot  ratings  and  comments  to  provide  unique  insights  into  pilot-in-the-loop 
handling  qualities. 

The  SIFT  techniques  have  been  shown  to  be  an  effective  tool  for  testing  and  evaluating 
pilot-in-the-loop  handling  qualities.  These  techniques  were  used  during  an  evaluation  of 


a  variable  stability  F-4C  aircraft  to  demonstrate  the  existence  of  a  previously  unsuspected 
coupling  from  the  lateral-directional  axes  into  the  pitch  axis  and  to  analyze  data  obtained 
during  pilot-induced  oscillations  (PIO) .  Based  on  our  present  experience,  quantitative  re¬ 
sults  of  the  precision  tracking  data  analysis  correlate  well  with  the  qualitative  pilot 
comments  and  ratings.  This  capability  to  directly  correlate  quantitative  and  qualitative 
results  from  the  same  test  maneuver  is  a  significant  advantage  of  the  SIFT  techniques  over 
traditional  open- loop  techniques. 

The  AFFTC  is  continuing  the  development  of  the  SIFT  test  and  evaluation  techniques 
and  is  investigating  their  versatility  as  a  flight  test  tool.  These  techniques  will  be 
expanded  to  support  integrated  flight/fire  control  system  testing. 

Dynamic  Test  Techniques: 

A  research  program  is  underway  at  the  AFFTC  to  further  refine  dynamic  test  techniques. 
The  program  acronym  is  DyMoTech,  which  stands  for  Dynamic  Modeling  Technique.  The  overall 
objective  of  DyMoTech  is  to  develop  dynamic  flight  test  techniques  as  a  potentially  power¬ 
ful  tool  for  defining  the  performance  characteristics  of  aircraft.  Included  under  this  is 
the  objective  to  demonstrate  the  dynamic  test  techniques'  ability  to  generate  accurate  air¬ 
craft  performance  compared  with  the  results  of  conventional  flight  test  techniques.  The 
other  major  objectives  are  to  define  related  airborne  instrumentation  system  requirements 
and  calibration  and  analysis  procedures  for  dynamic  maneuvers  and  to  develop  performance 
models  and  investigate  improved  modeling  techniques  including  nonlinear  parameter  identifi¬ 
cation  (reference  7) . 

Batch  Processed  Simulation; 

Recently  we  have  implemented  a  computer  program  at  the  AFFTC  which  provides  quick 
access  to  a  six  degrees  of  freedom,  nonlinear  simulation  capability.  The  program  is  struc¬ 
tured  similar  to  several  real  time  simulation  computer  languages  in  that  the  user  constructs 
a  model  by  specifying  component  blocks  and  their  interconnections.  Standard  components  are 
available  for  aircraft  equations  of  motion  and  most  common  flight  control  components.  A 
great  deal  of  flexibility  is  provided  for  entering  aerodynamic  data  and  in  modeling  non¬ 
linear  components.  The  program  is  engineer  rather  than  programmer  oriented  so  that  a  com¬ 
plete  model  may  be  formulated  without  the  extensive  setup  time  required  for  most  simula¬ 
tions. 

In  addition  to  providing  a  nonreal  time  engineering  simulation,  the  program  can  per¬ 
form  classical  frequency  domain  analysis.  This  program  is  being  used  extensively  to  assess 
predicted  flight  characteristics,  as  an  aid  in  modeling  and  analyzing  nonlinear  flight  char¬ 
acteristics,  to  evaluate  proposed  flight  control  system  changes,  and  even  to  generate  simu¬ 
lated  flight  test  data  to  check  out  other  data  analysis  software.  Current  test  program 
applications  include  evaluating  cruise  missile  performance  during  terrain  following  flight 
and  assessing  the  validity  of  simulator  data  for  the  B-52/KC-135  Weapon  System  Trainer. 

System  and  Human  Factors  Analyses; 

In  addition  to  those  analysis  tools  already  mentioned,  software  programs  have  been 
developed  at  the  AFFTC  to: 

1.  Analyze  ballistic  trajectories  from  weapon  delivery  tests.  Data  from  cinetheodo- 
lite  trackers,  gunsight  camera  and  aircraft  sensors  are  merged  to  analyze  accuracy 
of  the  weapons  delivery  system  and  identify  systematic  errors  from  subsystem  com¬ 
ponents. 

2.  Compile  statistical  records  of  maintenance  actions  for  reliability  and  maintain¬ 
ability  analysis  and  prediction  of  maintenance  related  life  cycle  costs. 

3.  Analyze  and  simulate  lead  computing  optical  sight  performance  to  predict  the  accu¬ 
racy  and  effectiveness  of  the  aircraft/gun  combination  in  air  to  air  and  air  to 
ground  roles. 

4.  Perform  statistical  analysis  of  such  human  responses  as  heartrate,  eye  movement, 
respiration,  and  skin  response  in  order  to  quantify  pilot  workload  during  task 
oriented  test  maneuvers. 

Interactive  Graphics: 

In  most  modeling  problems  the  attainment  of  an  optimum  solution  requires  an  iterative 
procedure  between  the  human  operator  and  the  computer.  This  can  be  very  time  consuming 
when  intermediate  results  must  be  hand  manipulated.  Generally,  analytical  results  are  most 
useful  in  a  graphical  form.  The  whole  modeling  process  can  be  significantly  speeded  up  if 
the  computer  is  used  to  transform  the  data  from  the  matrix  of  numbers  it  requires  to  the 
more  useful  pictorial  form  the  human  understands  (and  vice  versa) . 

Within  the  past  several  years,  a  number  of  economical,  "smart"  graphics  oriented  com¬ 
puter  terminals  have  appeared  on  the  market.  The  AFFTC  is  presently  in  the  process  of  inte¬ 
grating  several  graphics  oriented  terminals  into  our  computer  network.  Some  of  these  have 
significant  offline  computation  and  display  capabilities.  Already  we  are  seeing  significant 
reductions  in  manipulation  of  graphical  data  and  we  have  only  begun  to  utilize  the  full  po¬ 
tential  computer  graphics  has  to  offer  for  increasing  the  efficiency  of  communication  be¬ 
tween  the  engineer  and  the  computer.  Use  of  interactive  graphics  on  a  routine  basis 
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promise*  to  significantly  improve  the  effectiveness  of  our  present  modeling  techniques  as 
well  as  hastening  the  introduction  of  new  techniques  as  they  become  available 

AIRCRAFT  SUBSYSTEM  DESIGN  AND  EVALUATION  TRENDS 

Advances  in  digital  circuit  technology  are  changing  the  character  of  aircraft  subsystem 
design  which  will,  in  turn,  have  a  major  impact  on  the  flight  test  process.  The  application 
of  digital  circuitry  and  programmable  firmware  to  aircraft  subsystems  continues  to  increase. 
Some  current  and  future  applications  to  production  subsystems  and  for  special  test  purposes 
are  described  below  (reference  8) . 

Displays; 

The  ability  to  solve  complex  problems  in  near  real  time  and  to  generate  symbology  have 
allowed  the  development  of  highly  sophisticated  airborne  standard  dials  and  tapes  which  are 
providing  information  never  before  available  to  the  pilot.  The  programmability  of  these 
computers  allows  the  testing  of  a  wide  range  of  display  variables  before  committing  them  to 
production  software.  Applications  include  flight  directors,  fire  control/weapons  delivery 
systems,  and  energy  management  systems. 

Control  Systems/Variable  Stability; 

The  computer  is  being  employed  as  both  a  primary  control  system  and  as  augmentation  to 
provide  variable  stability  for  aircraft.  In  both  cases,  the  ability  to  replace  hardware 
with  programmable  software  allows  the  relatively  easy  evaluation  of  control  laws  and  air¬ 
craft  handling  qualities.  The  variable  stability  concept  can  be  combined  with  the  display 
systems  previously  discussed  to  provide  a  powerful  design  and  evaluation  tool.  Another 
combination  is  the  airborne  computer  with  a  groundbased  computer  to  provide  remotely  aug¬ 
mented  capability  for  remotely  piloted  vehicles.  In  this  application,  the  onboard  computer 
acts  as  a  system  monitor,  determining  the  validity  of  the  signals  received  from  the  ground 
and  as  a  backup  control  system  in  case  of  signal  failure.  This  type  of  system  is  currently 
employed  on  the  HiMAT  (Highly  Maneuverable  Aircraft  Technology)  demonstrator  test  vehicle. 

Integrated  Flight/Fire  Control  Systems; 

The  potential  benefits  of  subsystem  digital  integration  are  especially  evident  in  the 
integrated  flight/fire  control  system  area.  This  integration  consists  of  blending  informa¬ 
tion  from  the  fire  control  system  with  pilot  inputs  to  the  flight  control  system.  The 
blending  covers  a  spectrum  from  a  manual  weapon  delivery  mode  to  an  automatic  mode.  In  the 
latter  case,  the  aircraft  is  controlled  entirely  by  commands  from  the  fire  control  system, 
within  the  authority  of  the  flight  control  system.  A  high  authority,  redundant  flight  con¬ 
trol  system  can  be  tailored  to  meet  the  varied  requirements  of  different  mission  flight 
phases.  It  is  evident  that  for  such  integrated  systems,  evaluation  of  the  fire  control  and 
flight  control  systems  must  be  accomplished  concurrently. 

The  complex  and  interrelated  performance  characteristics  of  such  a  sophisticated  sys¬ 
tem  will  require  a  parametric  optimization  that  is  too  extensive  to  be  accomplished  solely 
through  flight  test.  The  practical  solution  for  systems  of  this  type  is  a  flight  test  pro¬ 
gram  complemented  by  an  on-the-scene  subsystem  integration  facility.  The  AFFTC  plans  to 
construct  an  integration  facility  to  complement  flight  testing  of  digitally  integrated  sub¬ 
systems.  Avionics  subsystem  component  development  and  integration  involves  several  levels 
of  simulation  supplemented  by  flight  tests,  and  the  facility  will  support  the  total  effort. 
Preliminary  estimates  indicate  that  use  of  the  avionics  integration  facility  will  permit  a 
reduction  of  in  flight  testing  of  future  avionics  systems  of  30  percent,  a  considerable 
savings  in  time  and  resources. 

Propulsion; 

The  use  of  digital  fuel  control  systems  will  permit  greater  flexibility  in  determining 
airframe/propulsion  interactions  and  in  matching  test  data  variables  in  flight  to  those 
obtained  in  ground  based  facilities.  This  eliminates  the  interpolation  of  results  to  match 
these  two  data  sets.  Digital  engine  fuel  controls  make  it  possible  to  greatly  improve 
engine  performance  and  enhance  certain  types  of  flight  tests.  As  an  example,  software  can 
be  generated  which  will  allow  parameters  such  as  fuel  flow  to  be  maintained  constant  during 
a  maneuver,  eliminating  it  as  a  variable. 

FLIGHT  TRAINING  SIMULATOR  DEVELOPMENT  TESTING 

Recent  concerns  over  the  resources  required  for  flight  training  and  the  availability 
of  petroleum  have  prompted  the  Air  Force  to  look  for  a  reduction  in  flying  hours  through 
the  increased  use  of  simulators  for  training  and  proficiency.  The  AFFTC  became  involved 
in  the  simulator  effort  to  assist  Using  Commands  and  procuring  agencies  in  developing  and 
verifying  the  accuracy  of  their  training  simulators. 

In  the  next  several  years,  numerous  (over  a  dozen  identified  to  date)  new  simulators 
or  major  simulator  modifications  are  planned.  Some  of  these  simulators  will  be  major  sys¬ 
tems  and  will  require  a  level  of  effort  equivalent  in  some  respects  to  that  of  a  new  air¬ 
craft  development.  As  an  illustration,  two  contractors  are  currently  building  prototypes 
of  a  B-52/KC-135  mission  simulator  and  a  competitive  "flyoff"  will  be  conducted. 

The  training  simulator  development  and  test  activity  is  a  logical  extension  of  flight 
test  desciplines  in  the  areas  of  performance,  flying  qualities,  systems,  and  human  factors. 
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The  AFFTC  will  assist  in  the  development  and  verification  of  the  simulator  performance 
and  flying  qualities  mathematical  models  as  well  as  evaluating  controls  and  displays. 

Engineering  simulators  have  long  been  a  valuable  adjunct  to  flight  test  programs. 
Because  of  the  increase  of  initial  developmental  testing  at  the  AFFTC,  the  availability  of 
onsite  piloted  simulators  for  flight  test  envelope  expansion  and  flight  control  system 
development  has  become  a  necessity.  To  meet  the  demands  of  future  flight  test  programs,  as 
well  as  the  training  simulator  test  requirements  mentioned  above,  the  AFFTC  test  simulator 
facility  is  being  expanded  and  upgraded  to  an  all-digital  capability.  The  completed  facil¬ 
ity  will  be  capable  of  supporting  several  test  programs  concurrently. 

CONCLUSION 

This  paper  has  attempted  to  overview  the  numerous  ways  in  which  the  computer  is  used 
as  an  aid  in  flight  test  evaluations.  The  computer  has  become  an  indispensible  require¬ 
ment  in  nearly  all  aspects  of  a  test  program.  The  driving  factors  have  been  the  desire 
for  a  more  complete  analysis  resulting  ultimately  in  a  better  system  for  the  user  and  in 
a  reduction  in  the  total  cost  of  the  developmental  test  and  evaluation  cycle  through  a 
reduction  in  program  flight  hours.  Computers  are  aiding  us  significantly  in  achieving 
these  goals. 
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